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Cette  sErie  de  confSrences,  DroposEe  et  soutenue  par  le  Panel  de  Guidage  et  de 
Pilotage  de  l'AGARD,  rEalisEe  au  titre  du  Programme  d'Echanges  et  de  Consultations,  sera 
consacrEe  a  examiner  1‘ impact  des  techniques  et  technologies  nouvelles  dans  les  systEmes 
de  missiles  sol-air.  Les  exposEs  se  placeront  au  triple  point  de  vue  de  l’analyse,  de  la 
synthase  et  de  la  simulation  des  systEmes.  Mais  le  sujet  Stant  immense,  ils  se  limiteront 
pour  l'essentiel  aux  aspects  de  guidage  et  de  pilotage  des  missiles. 

Immense,  le  sujet  l'est  d'abord  par  son  importance.  Certains  EvEnements  des  der- 
niEres  annEes  ont  mis  en  Evidence  cue  dans  toute  forme  de  botaille,  face  a  des  moyens 
d'attaque  de  plus  en  plus  diversifies  et  efficaces,  les  systEmes  de  defense  jouaient 
et  seraient  appolEs  3  jouer  un  rfile  dEcisif.  II  est  mSme  cJair  que  tout  agresseur  cher- 
cherait  d'abord  3  neutraliser  les  SAM  de  la  defense,  en  les  dEtruisant  dEs  les  premieres 
heures,  en  les  brouillant  au  en  les  leurrant.  Le  problEme  est  de  savoir  quel  niveau  de 
pertes  entrainent  pour  l'assaillant  ces  tentatives  de  neutralisation,  et  quelle  est  leur 
efficacite.  Les  systEmes  de  defense  sont  forcEment  soumis  3  un  processus  de  perfection- 
nements  constants  et,  sous  peine  d 'obsolescence  rapide,  se  doivent  d'intEgrer  sans  retard 
les  avancEes  techniques  et  technologiques  disponibles. 

Les  dEcideurs  sont  ma lheureusement ,  dans  ce  donaine  encore  plus  que  dans  d'autres, 
confronts  3  des  contraintes  qui  ont  toutes  chances  de  se  faire  de  plus  en  plus  pesantes  : 

-  c'est  d'abord  le  coOt  grandlssant  de  dEveloppement  des  systEmes  :  les  volumes  financiers 
en  cause  lmposent  de  ne  pas  se  tromper  dans  les  choix  essentiels,  et  rendent  les  solu¬ 
tions  de  rattrapage  aifficiies  et  incertaines  ;  il  s’Ecoule  ue  l'ordre  de  sept  annEes 
entre  les  premieres  decisions  et  la  fabrication  de  sErie  pour  un  grand  programme  :  la 
prEvision  technologlque  dolt  etre  clairvoyante  et  les  rlsques  techniques  correctement 
EvaluEs  ;  n'en  pas  prendre  est  se  cor.damner  3  rEaliser  un  systEme  prEmaturEment  vieilli; 
en  prendre  de  dEra isonnables  est  une  assurance  d'Echec  ; 

-  en  mEme  temps,  la  progression  et  le  renouvel lement  des  techniques  se  font  de  plus  en 
plus  rapides  :  elles  ne  cessent  de  naltre,  de  se  dEvelopper,  de  se  pErlmer,  souvent  de 
renaltre  :  en  matiEre  de  capteurs  d ' in  format  ions ,  le  radar  et  les  procEdEs  Electro- 
optiques  ont  engagE  une  course  poursulte  ;  pour  le  guidage  des  missiles,  tElScommande 
et  autoguidage  se  concurrencent  et  font  l'objet  de  modes,  mais  aussi  de  perf ectionne- 
r.ients  successlfs  ;  en  ce  qui  concerne  le  pilotage,  les  commandes  aErodynamiques  riva- 
lisent  avec  les  jets  de  gaz  ;  enfln,  pour  limiter  13  cette  Enumeration,  les  structures 
de  traitement  de  1 ' Information  se  font  incroyablement  petites  et  puissantes,  o  ivrant 
sans  cesse  des  perspectives  nouvelles. 

C'est  parm.i  ce  f oisonr.ement  des  techniques  et  des  technologies  que  les  choix 
dEclsifs,  3  l'aube  d'un  grand  programme,  doivent  Etre  faits,  sachant  au'ils  engagent 
des  sommeo  considerables  et  qu'lls  cond it lonnent  irrEversiblement  la  rEussite.  Heuctu- 
sement,  pour  le  salut  des  pauvres  dEcideurs,  Dieu  crEa  la  simulation.  GrSce  3  elle  un 
systEme  peut  Etre  essayE  avant  d'exister,  dans  ses  conposants  et  dans  son  ensemble. 

Les  nEthou  -s  et  les  moyens  de  simulation,  o0  les  calculateurs  numerlques  gouent  un 
rEle  esser.tiel,  ont  connu ,  ces  derniSres  annEes,  un  essor  considErable .  On  peut  dlstin- 
guer  les  simulations  techniques  oQ  les  ccmposants  du  systEme,  capteurs  d ' 1 n forma t ions , 
poir.teurs,  missiles,  processeurs  de  traitement  des  informations,  son.t  reprEsentes  d'une 
manlEre  fine,  et  les  simulations  tactiques  oil  le  systEme  est  EvaluE  face  3  une  menace 
et  dans  un  envi ronnement  simules.  Un  effort  de  plus  en  plus  Grand  doit  Etre  fait  pour 
mettre  entre  les  mains  de  ceux  qui  ont  3  prendre  des  decisions  des  cutils  et  des  aides 
de  nature  opE ra 1 1  er.ne  1  le ,  financiEre  et  technique.  Ainsl  peut-on  espErer  ou'en  rEsulte- 
ront  les  chclx  les  meilleurs. 

Trois  des  neuf  exposes  qui  cerr.pc  sent  ces  "Lecture  SEries"  seront  consacrEs  3 
la  mEthodologie  de  dEve loppement  des  systEnes  de  dEfense,  et  aux  simulations  intEarant 
ou  non  des  ElEments  rEels.  Les  autres  tralteront  des  perfecti onnements  apportEs  aux 
missiles  dans  leur  auidage,  leur  pilotage  et  leur  charne  militaire. 

On  ne  saurait  regretter  que  les  cor.fErences  n’abordent  pas  les  prcbleT.es  com¬ 
plexes  des  capteurs  d 1  information  et  du  traitement  des  donr.Ees.  Le  programme  rEparti 
sur  deux  journEes  est  ce]3  fort  charge-  et  mieux  vaut  Etre  incomplet  que  superf  iciel . 

Nun  pas  que  ces  domaines  ne  fassent  l'objet  d'Evoluticns  trEs  rapides,  au  contraire. 

Ohacun  d'entre  eux  pourrait  Etre  le  thEm.e  d'une  nouvelle  sErie  de  conferences.  Citons 
quelques  exemples  en  Echant 1 1 lonnar.  t  trEs  sonmairement  : 
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-  les  antennes  A  balayage  Slectronique  abolissent  la  distinction  entre  radars  de  veille 
et  radars  de  poursuite  et  font  des  radars  nultifonctions  les  seuseurs  tous  temps 
capables  &  la  fois  de  dAtecter  les  objectifs  dans  un  environnement  difficile,  y  com- 
pris  dans  des  conditions  de  brouillage  sAvAres,  et  de  les  poursuivre  ensuite,  quel 
que  soit  leur  nombre,  en  faisant  sur  eux  des  mesures  de  localisation  precises  ; 

-  les  antennes  synthStiques  plaquSes  sur  la  structure  d'un  missile  fournissent  des  per¬ 
formances  bien  supSrieures  3  celles  d'une  petite  antenne  classique  et,  en  m6me  temps, 
permettent  de  donner  3  l'avant  du  missile  la  forme  optimale  que  requiert  1'aSrodyna- 
mique  ; 

-  le  dSveloppement  enfin  rapide  des  lasers  dans  le  sens  d'une  miniaturisation  poussSe, 
de  puissances  accrues,  de  frequences  de  repetition  61ev6es  etend  le  champ  des  appli¬ 
cations  ;  il  est  maintenant  possible,  sous  condition  d'une  visibilite  meteorologique 
convenable,  de  faire  des  mesures  precises  sur  un  objectif  a  15  km  au  moins  ; 

-  les  progrds  trSs  remarquables  de  1* imager ie  infrarouge,  qui  utilise  des  barrettes  ou 
des  matrices,  CCD  ou  non,  au  nombre  de  cellules  d6tectrices  de  plus  en  plus  SlevA, 
permettent  aux  techniques  Alectro-optiques  de  rivaliser  avec  le  radar  et  de  le  comple¬ 
ter,  dans  le  domaine  courte  et  trSs  courte  oortee,  tant  pour  la  recherche  des  cibles 
que  pour  leur  poursuite  au  sol  ou  dans  les  autcxlirecteurs . 

-  enfin  les  microprocesseurs  modernes  apportent  sous  un  volume  trAs  rfiduit  des  puissan¬ 
ces  de  calcul  considerables  tant  dans  les  mat6riels  au  sol  que  dans  les  missiles  pour 
le  traitement  du  signal  et  tous  les  problSmes  de  filtrage  et  de  commande  ;  c'est  grace 
2  eux  en  partlculier  qu'il  est  possible  de  mettre  a  bord  des  autopilotes  digitaux 
adaptatifs  qui  augmentent  considSrablement  les  performances  des  missiles  dans  de  larges 
plages  de  Vitesse  et  d'altitude  ;  d'ailleurs  plusieurs  des  exposes  qui  suivent  suppo- 
sent  que  des  moyens  de  calcul  assez  importants  sont  disponlbles  tant  pour  les  problA- 
mes  de  guidage  que  de  pilotage  et,  bien  entendu  aussi,  dans  un  autre  ordre  de  grandeur, 
pour  toutes  les  questions  de  simulation. 

Le  premier  sujet,  expose  par  Monsieur  C.ONDET  (SociAtA  MATRA,  FRANCE),  pose  le 
problAme  essentiel  dAj3  mentionnA  de  la  mAthodologie  de  conception  des  systAmes  nouveaux. 
Le  confArencier  s'applique  3  montrer  le  mAcanisme  des  choix  qui  ont  preside  au  developpe- 
ment  du  systAme  trAs  courte  pcrti e  MISTRAL.  Dans  un  tel  cas,  des  etudes  comparatives 
multicr itires  permettent  de  sAlectionner  les  systAmes  les  plus  intAressants ,  et  d' iden¬ 
tifier  les  actions  qui  doivent  Stre  lancAes  avant  le  dAmarrage  du  programme  pour  lever 
certains  risques  majeurs.  Des  etudes  d' analyse  des  ressources  et  des  etudes  de  marche 
definissent  les  choix  budgetaires  les  plus  rationnels.  Le  decideur  peut  alors  retenir  le 
programme  le  plus  approprie  et  arrCter  sa  planif ication. 

TrAs  technique,  la  conference  du  Er  EAST  (Royal  Military  College  of  Science, 
UNITED  KINGDOM)  traite  des  structures  des  boucles  de  quidage  ct  compare  les  lois  d'ali- 
gnement  tA lAconmandees  avec  les  lois  de  navigation  des  missiles  autoguides.  Dans  les 
structures  en  alignement,  le  Dr  EAST  montre  qu'il  est  possible  et  indispensable  d'utili- 
scr  cn  commande  directe  les  accelerations  cinematiques  calcuiees,  et  de  reduire  au  mini¬ 
mum  necessaire  les  bandes  passantes  des  boucles  de  guidage  et  de  pilotage.  Urie  methode 
de  conception  aidee  par  calculateur  est  exposee,  pour  obtenir  des  caracteristiques  opti- 
males  et  adaptatives,  qrSce  5  des  structures  qui  tolArent  des  commutations  de  lours 
coef  f icients . 

La  conference  de  Monsieur  DURIEUX  (CETA,  FRANCE)  revient  sur  la  comparaison  entre 
systAmes  telAcommandes  et  autoguides.  En  phase  terminale,  3  la  condition  que  la  distance 
missile  -  but  soit  mesuree,  toute  loi  de  guidage  souhaitable  neut  Stre  realises  par  tA- 
lecommande.  Si  l'on  compare  les  procedos  do  telAguidage  et  d ' autoguidage  en  navigation 
proport ionne 1 le  classique,  il  apparait  une  limite  en  distance  en-de?3  de  laquelle  le 
teieguidage  resists  mieux  aux  manoeuvres  de  la  cible  que  1 ' autoguidage ,  ceci  6tant  dO  3 
la  bande  passante  limitee  de  1 ' autod i rccteur .  Si  l'on  net  en  oeuvre,  dans  les  deux  cas, 
une  loi  de  commande  optimaie,  cette  limite  cxistc  encore,  mais  elle  n'est  due  qu'aux 
imperfections  technologiques  de  1 '  autodiro<~teur. 


Monsieur  SELINCE  (Aerospatiale,  FRANCE'  expose  unc  conception  nouvello  du  pilo¬ 
tage  des  missiles  sol-air.  Le  dispositif  baptise  "PIF,PAF"  combine  l'action  de  jets  de 
gaz  qui  creent  des  forces  de  commande  latArales  au  niveau  du  centre  de  gravito  du  missile 
avec  cello  de  gouvernes  aArodynamiques  classiques.  Les  avantages  des  deux  procedos  se 
cumulent,  et  l'on  obtient  un  temps  de  reponso  trAs  court  ct  des  occA  lerat  ions  latArales 
importantes  m.Ame  3  faible  vitesso  et  haute  altitude,  la  rapiditA  d'execution  du  PIF  com- 
blant  l’erreur  dynamique  de  1 'as. ervissemc  it  PAF.  Il  en  rAsulte  une  diminution  importan- 
te  de  la  distance  de  passage  contre  des  cibles  trAs  manoeuvrantes . 

En  dAbut  de  deuxiAme  journAe,  le  Docteur  GRIDER  ("S  Army  Missile  Laboratory) 
revient  sur  le  problAme  des  choix  techniques  et  des  mothodcs  do  do ve lopprmont  pour  des 
systAmes  modernes  sophistiques  utilisant  des  missiles  quidAs.  Il  montre  comment  des 
simulateurs  permettent  de  tester  le  systAmo  et  en  particulier  le  missile  et  son  auto- 
directeur  dans  leur  environnement  complet  electro-opt  ique,  infrarougo  ct  hyper frAquen- 
ces,  avec  une  reprAsentat ion  dynamique  de  l'engagcment  de  la  cible  par  le  missile  ; 
ces  simulations  remplacent  ct  complAtcnt  les  essais  cn  vol  qui  devlendraient  d'un  coflt 
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total  prohibitif  s'lls  constituaient  les  seuls  instruments  de  oGvelopperoent,  en  parti- 
culior  lorsqu’il  faut  mesurer  l'efficacite  de  centre  mesures  ou  de  contre-contre  uesures. 
Les  decisions  dans  le  programme,  les  modifications  de  conception,  les  ameliorations, 
l'Svaluation  du  systSme  peuvent  Ctre  analysSes  et  StaySes  grSce  3  des  nilliers  d'essais 
simuies,  en  boucle  ouverte  ou  fermee,  avec  introduction  ou  non  des  elements  materiels 
du  systSmc. 


L'expose  de  Monsieur  SANTI  (SELENIA  Industrie,  ITALIE)  montre  Dreclsement  com¬ 
ment  les  techniques  de  simulation  mettant  en  oeuvre  3  la  fois  des  calculateurs  numeri- 
ques  et  des  elements  reels  ont  permis  de  developper  et  d‘4valuer  le  syst^me  de  defense 
courte  portee  SPADA. 

Monsieur  DES MERCER  (THOMSON-CSF ,  FRANCE)  et  le  Docteur  BATy  (B.D.M.  Corporation, 
U.S.A.)  traltent  des  autodirecteurs  eiectromagnetiques  et  des  phenomenes  qui  induisent 
des  erreurs  dans  la  mesure  des  parametres  de  la  cible.  Le  premier  expose  s’interesse 
surtout  aux  inevitables  imperfections  d'un  autodirecteur ,  les  enumSre  et  en  analyse 
les  consequences.  Le  deuxieme  examine  les  effets  de  contre  mesures  qui  utilisent  les 
caracteristiques  de  reflexion  des  terrains. 


Enfin  le  Docteur  HELD  (M.B.B.,  R.F-A.)  approfondit  ue  cui  constitue  l'ultime 
flnalite  d'un  systeme  de  missiles  guides,  c'est-3-dire  la  valeur  de  la  charge  mllltaire. 
Son  expose  montre  les  evolutions  techniques  en  cours,  et  les  perspectives  dans  le  domai- 
ne  deiicat  d'une  parfaite  addauation  entre  la  precision  du  guidage,  l'exactitude  de  la 
fusee  de  proximite  et  l'efficacite  de  la  charge  explosive. 


Ainsi  ces  exposes,  mettant  en  relief  les  oiverses  facettes  des  systemes  de 
missiles  sol-air,  brossent  uiie  vaste  fresque  de  la  progression  des  techniques  et  des 
technologies  dans  ce  domaine.  Face  aux  armies  d'attaque  les  plus  per formantes  ct  les 
plus  sophistiquees,  la  defense  a  le  devoir  et  le  pouvoir  d'etre  efficace  et  Stanche. 

Les  per f ectionnements ,  eussi  bien  dans  les  concepts  que  dans  les  realisations,  relancent 
pour  demain  1 'antique  debat  de  la  lance  et  de  la  culrasse. 
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ADVANCED  TECHNOLOGY  FOR  S. AM.  SYSTEMS 
AN  ALYSIS,  SYNTHESIS  AND  SIMULATION 
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Division  Systimes  Electronic  ues 
I  rue  des  Matlmrms 
Kjgncux 
France 


The  present  lecture  series,  sponsored  by  the  Guidance  and  Control  Panel  of 
AGARD  and  implemented  by  the  Consultant  and  Exchange  Programme  is  devoted  to  the 
introduction  of  new  technologies  in  Surface  to  Air  Missile  Systems.  The  lectures 
will  use  the  three  points  of  view  of  analysis,  synthesis  and  simulation,  but,  due 
to  the  magnitude  of  the  subject,  they  are  mainly  concerned  with  the  sole  aspects 
of  missile  guidance  and  control. 

The  magnitude  of  the  subject  appears  first  in  its  importance.  Events  of  the 
last  few  years  have  shown  that,  in  any  form  of  battle,  the  defence  systems  have 
played,  and  will  play,  a  decisive  rffle  vis  3  vis  to  more  and  more  diversified  and 
efficient  attack  means.  Further,  it  is  clear  that  the  attacker  will  first  seek  to 
neutralize  the  defence  SAM,  either  by  destroying  them  in  the  first  hours  ot  the  battle 
or  by  jamming  or  deceiving  then.  The  question  is  then  to  assess  the  level  of  losses 
suffered  by  the  attacker  during  the  neutralizing  attempt,  and  its  effectiveness. 
Therefore,  the  defence  systems  are  of  necessity  the  object  of  an  endless  improvement 
process  and,  at  the  risk  of  obsolescence,  have  to  include  without  delay  the  available 
advanced  technologies. 

In  this  field,  still  more  than  in  others,  decision  makers  are  unfortunately 
subject  to  constraints  which  in  all  likelihood  will  become  heavier  and  heavier  j 

-  firstly  the  increasing  development  cost  :  financial  bulks  Involved  command  to  make 
no  error  in  the  essential  choices  and  make  difficult  and  uncertain  any  corrective 
action  ;  for  any  sizeable  project,  about  seven  years  are  required  from  first  deci¬ 
sion  to  mass  product  i  cr. ,  sc  that  -“--owdness  is  a  r—st  in  the  t-nrhnoloqical  foresight 
and  the  risk  assessment  ;  for  to  take  no  risx  is  to  doom  oneself  to  produce  an 
already  obsolete  system,  and  to  take  unreasonable  risks  warrants  failure  ; 

-  in  parallel,  progress  and  renewal  of  technologies  go  faster  and  faster  :  they  un¬ 
ceasingly  arise,  grow,  become  out-dated  and  often  arise  again.  For  instance,  in  the 
field  of  sensors,  microwaves  and  optronics  are  racino  one  against  the  other  ;  in  the 
field  of  missile  guidance,  command  and  homing  are  competing,  come  into  and  go  out 

of  fashion,  but  are  also  constantly  Improved  ;  in  the  field  of  control,  thrust  vector 
control  rivals  with  aerodynamic  control  surfaces  and,  to  close  this  list,  data  pro¬ 
cessing  tools  are  becoming  incredibly  small  and  powerful,  creating  every  day  new 
prospects . 


It  is  among  this  profusion  of  techniques  and  technologies  that,  at  the  dawn  of 
a  project,  the  decisive  choices  have  to  be  made,  knowing  that  they  engage  large  amounts 
of  money  and  determine  irreversibly  failure  or  success.  Fortunately,  for  the  salvation 
of  unhappy  decision  makers,  God  created  Simulation.  Thanks  to  simulation,  a  system  can 
be  assessed  without  existing,  in  its  parts  as  ■••.'ell  as  in  its  whole.  Simulation  methods 
and  tools,  '-here  digital  computers  play  the  leading  part,  have  experienced  these  last 
years  extensive  developments.  It  is  possible  to  distinguish  between  technical  simula¬ 
tions,  where  system  parts,  such  as  sensors,  trackers,  missiles,  data  processors,  are 
mode  Used  in  detail  and  tactical  simulations,  where  the  system  is  assessed  inainst  a 
simulated  threat  and  in  a  simulated  environment.  Greater  and  greater  efforts  have  to 
be  made  to  give  the  decision  makers  tools  and  assistance  for  technical,  operational  and 
financial  assessment.  The  taking  of  proper  decisions  Is  at  this  cos;. 


Out  of  the  nine  lectures  of  the  present  series,  three  are  concerned  with  the 
rethcdclogy  tc  be  used  in  system  development  and  with  simulations  making  use  -  or  not  - 
of  actual  hardware.  The  other  lectures  deal  with  inarovenents  brought  to  missiles  for 
guidance,  control  ar.d  warhead. 

Ke  should  not  reerct  that  subjects  as  sensors  or  data  processors  are  ignored. 
Our  two  clay  agenda  :s  already  well  filled  ir.d  lack  cf  comp  let  ness  is  preferable  t~  lie. 
cf  deepness.  This  does  not  mean  that  the  m.entionned  fields  arc-  net  subject  to  fast  evo¬ 
lution,  far  from  it.  Indeed,  each  cf  them  cc-uld  be  the  natter  for  a  new  series  of  lec¬ 
tures.  bet  us  list  a  brief  exemple  : 

-  electronic  scan  antennas  suppress  the  conventional  distinction  uetween  search  and 
tracking  radars,  and  rr.ake  cf  multifunction  radars  the  all  weather  sensors  capable 
of  detecting  targets  in  difficult  environments,  this  including  heavy  j amn 1  no ,  and 
of  tracking  a  large  number  cf  them  while  allowing  precise  localization  measurements  ; 
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-  synthetic  aperture  antennas  plated  on  missile  bodies  provide  performances  well  above 
those  of  a  small  conventional  antenna  with  the  additional  advantage  of  allowing  the 
best  aerodynamical  shaping  of  the  missile  front  end  ; 

-  the  long  sought  for  but  now  fast  development  of  lasers  in  the  way  of  miniaturization, 
increased  power  and  high  repetition  frequency  extends  their  utilization  domain  ;  it 
becomes  now  possible,  subject  to  proper  meteorological  visibility,  to  obtain  precise 
measurements  of  a  15  km  distant  target  ; 

-  remarkable  progress  of  infrared  displays,  using  linear  or  rectangular  arrays,  C.C.D. 
or  not,  with  an  increasing  number  of  detecting  cells,  make  the  electro-optical 
techniques  the  rival  of  radar  or  its  complement  in  shor'  or  very  short  range  systems, 
for  detection  as  well  as  for  ground  and  on-board  tracking  ; 

-  lastly,  modern  microprocessors  offer  under  very  reduced  volume  a  considerable  computa¬ 
tion  power  used  in  ground  or  missile  equipments  for  signal  and  data  processing  ;  for 
instance,  they  make  possible  the  implementation  of  adaptive  autopilots  providing 
satisfactory  missile  performances  in  a  wide  range  of  speeds  and  altitudes  ;  in  fact, 
several  of  the  lectures  assume  the  availability  of  large  computation  means  for  solving 
guidance  and  control  problems,  as  well  as,  but  here  with  an  other  order  of  magnitude, 
for  simulation. 

Mr  GONDET  (Soci€t6  MATRA,  FRANCE)  deals  with  the  first  topic,  already  mention- 
ned ,  of  the  methodology  for  the  design  of  a  new  system.  The  author  describes  the  mecha¬ 
nism  used  for  the  choices  made  in  the  development  of  the  very  short  range  system  MISTRAL. 
In  this  exemple,  comparative  studies,  based  on  a  number  of  criteria,  lead  to  select  the 
nest  promising  candidate  systems  and  to  identify  the  preliminary  actions  necessary  to 
remove  some  of  the  major  risks.  Ressource  analysis  and  narket  studies  determine  the  most 
rational  budgetary  choices.  The  decision  maker  can  then  pick  up  the  most  suitable  project 
and  determine  its  plan. 

Of  a  highly  technical  nature,  the  lecture  of  Dr  EAST  (Royal  Military  College 
of  Science,  UNITED  KINGDOM)  deals  with  the  structure  of  guidance  loops  and  compares  the 
command  line  of  sight  laws  with  the  navigation  laws  used  in  homing  missiles.  For  the 
line  of  sight  structures,  Dr  EAST  shows  that  it  is  both  oossib.le  and  mandatory  to  feed 
forward  computed  kinematic  accelerations  and  to  narrow  as  much  as  possible  tne  band¬ 
width  of  the  guidance  and  control  loops.  A  computer  aided  design  method  is  indicated, 
for  achieving  optimum  adaptive  characteristics,  thanks  to  coefficient  switching  robust 
structures . 

Comparison  between  command  and  homing  systems  is  also  the  concern  of  Mr.  DURIEUX 
(CETA,  FRANCE) .  In  terminal  phase,  and  under  the  condition  that  the  missile  to  target 
range  be  available,  any  desired  guidance  law  can  be  implemented  with  a  command  techni¬ 
que.  Comparing  the  two  techniques  -  command  and  homing  -  for  the  well  known  proportio¬ 
nal  navigation,  a  border  line  is  defined,  beyond  which  command  is  less  sensitive  to 
target  manoeuvres  than  homing,  due  to  the  limited  bandwidth  of  the  homing  head.  If,  in 
both  cases,  an  optimal  command  law  is  used,  such  a  limit  still  exists,  but  results  then 
only  from  Imperfections  in  homing  head  hardware. 

Mr  SELINCE  (AEROSPATIALE,  FRANCE)  describes  a  new  concept  in  the  control  of 
surface-to-air  missiles.  The  "PIF,PAF"  system  associates  to  conventional  control  surfa¬ 
ces  the  action  of  aas  jets  creatinq  lateral  forces  applied  near  the  missile  center  of 
gravity.  The  advantages  of  the  two  devices  are  then  cumulated,  leading  to  very  short 
response  time  and  large  lateral  accelerations,  even  at  low  speed  or  nigh  altitude,  as 
the  PIF  rapidity  makes  up  for  the  PAF  dynamic  error.  The  result  is  a  notable  decrease 
of  miss  distance  against  highly  manoeuvering  targets. 

At  the  beginning  of  the  second  day.  Dr  GRIDER  (US  Amy  Missile  Laboratory) 
comes  back  to  the  problem  of  technical  choices  and  development  methods  for  modern 
and  sophisticated  systems  using  guided  missiles.  He  shows  how  simulators  can  he  used 
to  test  the  system  or  the  missile  and  its  seeker  in  their  complete  electro-optical, 
infrared  and  microwave  environment,  with  a  dynamic  representation  of  the  engagement. 

Uuch  simulations  supplement  and  even  replace  flight  testing  which,  used  alone  for 
development,  would  lead  to  a  prohibitive  cost,  especially  when  counter  or  counter- 
countermeasures  are  concerned.  Decisions  to  be  taken  during  the  development,  reorien¬ 
tations  of  designs.  Improvements,  system  assessment  are  then  studied  and  supported  by 
thousands  of  simulated  tests  in  open  or  closed  loop,  with  or  without  actual  hardware. 

Almost  as  an  illustration,  the  lecture  of  Dr  GANT (SLLENIA  Industrie,  ITALIA/ 
shows  how  simulation  techniques  including  digital  computers  and  actual  hardware  have 
been  used  in  the  development  and  the  assessment  of  the  short  range  system  SPADA. 

Mr  DESMERGER  (THOMSON-CSF ,  FRANCE!  and  Dr  BATY  (B.D.M.  Corporation,  U.S.A.) 
deal  both  with  microwave  homing  heads  and  phenomena  leading  tc  errors  in  target  para¬ 
meters  measurements.  The  first  lecture  is  mainly  concerned  with  unavoidable  seeker 
Imperfections,  gives  their  list  and  analyses  their  consequences.  The  second  lecture 
describes  the  effectiveness  of  terrain  bounce  countermeasures. 
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Lastly,  Dr  HELD  (M.B.B.,  R. F, A. )  studies  thoroughly  the  ultimate  finality 
of  a  guided  missile  system,  namely  the  warhead.  His  lecture  describes  the  present 
technical  evolution  and  the  prospects  in  the  sensitive  area  of  perfect  adaptation 
between  guidance  accuracy,  proximity  fuze  precision  and  warhead  effectiveness. 

All  these  lectures,  with  their  display  of  SAM  systems  various  facets,  d-aw 
a  wide  picture  r  the  technological  progress  in  this  domain.  Against  the  most  pc  er- 
ful  and  sophisticated  attack  weapons,  defence  must  and  can  be  efficient  and  tight. 
Improvements  in  concept  as  well  as  in  design  reopen  for  tomorrow  the  ancient  contest 
between  the  armour  and  the  spear. 
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RESUME 

Aprea  avoir  decrit  l'enserable  et  1 1 enchalneraent  de?  etudes  qu'ii  eat  souhaitable  de  realiser 
avant  de  lancer  le  developpement  d’un  systeme  d'armoa  nouveau,  i' expose  se  focal i3era  aur  une  dea 
etapes  importantea  de  cette  demarche  constitute  par  dea  etudes  comparatives  mullicriterea  de  aystemea 
envisageables  pour  repondre  au  probleme  operationnel  pose. 

Afln  d'illustrer  leur  methodologie ,  une  etude  parametrique  de  aystemea  d'armes  Sol-Air  Tres 
Courte  Portee  (SATCP)  dont  certaines  conclusions  ont  ete  prises  en  compte  pour  la  definition  du 
systeme  MISTRAL  est  enaulte  presentee. 

1  INTRODUCTION 

Tour  remplir  une  mission  donnee,  il  existe  bien  souvent  un  certain  norabre  de  solutions 
techniques  potentlellea  capable?  de  repondre  au  probleme  pose  et  11  est  important  de  disposer  d'une 
methodologle  d'Analyse  de  Systeraes  adaptee  de  faqon  a  pouvoir  effectuer  les  choix  judlcieux  avant  le 
lancement  du  programme  de  developpement,  c'eat-a-dlre  avant  d'engager  des  volumes  financiers 
important*. 

En  effet,  l'Analyse  de  Syster.e  a  pour  but  principal  d'alder  le  reaponsable  d’une  decision  a 
choialr  une  llgne  de  conduite,  en  examinant  de  faqon  systenatlque  tous  les  aspects  de  son  probleme, 
en  recherchant  les  objectifs  vises  et  les  solutions  possibles,  en  lea  comparant  a  la  lumiere  de  leurs 
consequences,  en  utllisant  un  processus  approprie  pour  porter  un  Jugeroent  eelalre  aur  le  probleme. 

C'e3t  ainai  qu'avant  le  lar.cement  d'un  programme  rallltalre,  un  certain  nombre  d'etudes 
d'Analyse  de  Systeraes  sont  necessalres  pour  eclairer  le  decideur. 

Ces  etudes  prellminaires ,  que  nous  presenterons  au  chapltre  suivant,  sont  aussi  bien  de  nature 
operationnelle,  flnanclere  que  technique.  Parml  ces  dernleres,  il  en  e3t  une  qul  constitue  une  etape 
importante  dans  le  processus  de  decision  pul3qu'elle  elabore  de  faqon  rationnellc  les  elements  de 
choix  et  identlfle  les  actions  qul  dolvent  etre  necessairement  poursuivies  afin  de  miniml3er  les 
rlsque3  de  developpement  du  systeme.  C'est  cette  etape  que  nous  avons  choisie  de  presenter  dans  la 
suite  de  l'axpose,  en  prenant  comme  application  une  coraparalson  multlcrltere  de  systeraes  SATCP. 

2  ETUDES  D'ANALYSE  DE  SYSTEMES  PRELIMINAIRES  AU  LANCEMENT  D’UN  PROGRAMME 

L'enchalneraent  des  etude3  constituant  le3  dlfferentes  etapes  de  1 'analyse  globale  preliminalre 
au  lancement  d'un  programme  est  illuslree  sur  la  figure  K*  1. 

Nous  y  trouvons  en  amont  des  etudes  de  prospective  technologique  qul  servent  prtnclpalement  a 
asseolr  la  fal3abillte  des  sous-systemes  envisageables  pour  realiser  les  fonctions  du  systeme  corr.pte 
tenu  de  l'horlzon  de  mlse  en  service  souhalte.  Ces  analyses  prospectlves  Derme- tent  de  realiser  un 
premier  trl  de3  techniques  qul  pourront  etre  utlllsees  pour  remplir  certaines  functions  du  systeme 
et,  pour  les  sous-systemes  retenus,  de  fixer  une  plage  de  valeurs  possibles  des  performances 
lntrinsequas  pouvant  etre  obtenues.  Certaines  d'entre  elles  sont  bien  entendu  assorties  d'un  risque 
technique  (fal3abilite  condltlonnelle )  qui  devra  etre  prls  en  consideration  au  moment  de 
1 ' elaboration  du  programme  de  developpement  et  de  1 ' ident Ificat ion  des  actions  qui  doivent  etre 
lnillallsees  avant  ceiui-ci  ( developpements  exploratoires )  si  le  systeme  luge  le  plus  proraettcur  au 
terme  de  l'ar.alyse  globale  fait  appel  a  ces  techniques. 

Ces  etudes  prospectlves  servent  d'autre  part  a  definir  la  menace  potentielle  par  extrapolation 
a  l'horlzon  consldere  de  la  menace  actuelle,  dont  devaluation  est  un  theme  permanent  d'etudes  dans 
le  cadre  de  l'analyse  du- cont.exte  strateglque.  En  effe.  cette  projection  dans  le  futur  de  la  menace 
est  le  plus  souvent  effectuee  er,  supposant  que  la  tecrmologie  de  l'adversalre  pctentiel  va  su-. vre  la 
merae  evolution  que  la  notre. 

L'analyse  du  oontexte  strategique  sent  d'autre  part  a  definir  la  mission  que  devra  realiser  le 
futur  systeme  d'armes. 

Pcssedant  alors  une  bonne  connalssance  de3  trols  facteurs  que  sor.t  le  besoin  militaire, 

1 ' envlronnement  ennemi  et  les  possibllites  technologlques ,  11  est  alors  possible  de  definir  une 
premiere  ebauche  de  sy3temes  envisageables  repondar.t  a  la  mission  compte  tenu  de  la  menace. 


L'eff IcaeltA  opAratlonnelle  de  ces  systimes  est  ensulte  AvaluAe  au  moyen  de  simulations.  Ce 
crltAre  d*"efflcacit4"  eomprend  bien  sur  1'efflcacitA  intrlnsAque  du  system*  d’armes  en  tenues  de 
probability  de  destruction  mala  ausal  des  facteurs  tels  que  la  vulnArabllitA ,  la  capacity  tous  temps, 
la  flabllltA,  la  versatility,  etc....  Ces  Avaluatlons  servant  d’une  part  4  optimiser  certains 
paramAtraa  de  dyrmitlon  des  systimes  et  d 'autre  part  4  elaborer  un  catalogue  des  performances  des 
systitnes  alnsl  optimises. 

Parallilement  k  cette  procidure  ltAratlve,  1  Evaluation  des  coQts  (dive1 oppement ,  production  et 
exploitation)  de  ces  dlffArents  systAraes  est  effoctuye  ce  qul  permet  de  les  comparer  sous  1‘aspect 
ooOt/affioaoltA .  Cette  analyse  ost  coraplAtAe  par  des  Atudes  de  sensibility  des  rAsultats  k  certains 
paranAtres  ayant  AtA  JugAs  comme  secondaires  lors  de  1 'analyse  pryilmlnalre. 

Ces  dtudes  comparatives  multlcrltires  permettent  d'une  part  de  selectionner  le  ou  les  systAmes 
JugAa  les  plus  lntyressants  compte  tenu  des  crityres  d'appryciation  et  d'autre  part  d'ldentlfier  les 
actions  qul  dolvert  tmpyratlvement  gtre  lancAes  pryalatleraent  au  dymarrage  du  prograrame  de  faqon  a 
lever  oertalna  rlsquea  techniques  majeurs. 

ParallAlement  4  cette  yvaluation  4  caractire  technique,  des  ytudes  d'analyse  des  ressources  et 
des  ytudes  de  marchy  permettront  d'effectuer  une  Atude  de  rationalisation  des  cholx  budgytaires. 

Compta  tenu  de  ces  AlAmenta  financiers  et  des  rysultats  de  1 'analyse  comparative  des  systAmes 
possiblea,  la  dAcldeur  pourra  aiors,  en  toute  connalssance  de  cause,  choislr  le  programme  le  plus 
appropriy  et  dyflnlr  sa  planlf loatlon . 

3  COM PA RAISON  MULTICRITERE  DE  STSTEMES  SOL-AIR  TRES  COURTE  PORTEE  (SATCP) 

3.1  BUT  DE  L' ETUDE 

L'ytude  que  nous  avons  cholsl  de  prAaanter  afli,  d'lllustrer  la  methodologie  gAnArale  est  une 
oonparateon  multlorltires  de  systAmes  Sol-Air  guldAa  4  Tris  Courts  PortAe.  II  s'aglssalt  d'effectuer 
une  Atude  peremAtrlque  4  l'horlzon  1985—  1 990  de  la  falsabllltA  et  de  1'efflcacitA  de  ces  systAmes 
alnsl  que  d'Aveluer  leura  coOta. 

L'ensemble  des  trsvaux  Atalt  destlnA  4  : 

-  Atabllr  la  filaabllltA  technique  des  solutions  envisagAea, 

-  Avaluer  I'efflcanlty  lntrinaique  des  solutions  possibles, 

-  sstlmer  le  coQt  global  (recherche  et  dAveloppement ,  Aqulpement  et 
exploitation)  du  programme  correspondent  4  chaque  solution  possible, 

-  comparer  lea  rAsultats  obtenuo  dans  la  perspective  d'une  prise  de  decision 
sur  Is  base  d'une  comparalson  des  dlverses  solutions  d'un  point  de  vue 
ooQt-ef flcaoltA  et  de  fournlr  alnsl  les  AlAmenta  permettant  un  cholx 
Judlcleux  das  types  de  systAmes  SATCP  les  mleux  adaptAs  au  contexte 
d'emplol  opAratlonnel  prAvu, 

-  reoommander  le  programme  de  recherches  prAllmlnalres  qu’ll  seralt  nAcessalre 

d 1 entreprendre  pour  disposer,  4  1 'horizon  consider^,  dss  techniques  lndlspensables 
4  Is  rAsilsatlon  des  systAmes  its  plus  lntAressants  mis  en  Avidence  par  la 
compsraleon  coOt-ef flcacltA , 

-  Jtre  lntAgrA  dans  une  Atude  gAnAralo  fie  defenses  anti-aAriennes  a  basse  et  trAs 
basse  altitude  du  champ  de  batallle. 

3.?  METHODOLOGIE  DE  L' ETUDE 

L'4tude  a  Ate  organises  er,  quatre  phases  selon  le  schema,  desormals  classique  pour  ur.e  Atude 
aoAt-eff IcaollA ,  prAsentA  sur  la  figure  N“  2. 

Phase  1  i  DAftnltlon  du  problAme  et  des  hypotheses  de  base  j  recueil  des  donnees. 

Au  ooura  de  cette  phase  de  formulation  du  probieme  on  s'attache  plus  particullArement 
a  dAflnlr  et  analyser  d'une  part  les  spAclflcations  et  conditions  operat ionnel les  et 
d'autre  part  les  crlteres  de  comparalson  qul  seront  utilises  par  la  suite.  Enfln,  on 
ldenttfle  les  fonctlons  du  systeme  et  les  solutions  techniques  capables  de  les 
real lser. 

Phase  2  i  Etudes  de  falsabllltA  ;  model  Isa t Ions  des  30us-sy3temes . 

A  la  suite  de  l'lnventalre  technologlque  realise  precedemment  on  Atudle  la 
falsabllltA  et  on  nodellne  les  performances  intrln.seques  de  ces  sous-aystene .  a 
1 'horizon  consldArA  pour  la  mlse  en  service  du  systAme. 

Ph  ied  i  ModAllsatlon  des  systemes  ;  evaluation  de  l'erflcaclte  et  du  coot. 

Cette  etape  commence  par  une  definition  des  systemes  possibles  qjl  sont.  ensulte 
rvalues  sulvant  len  crlteres  (pr! .ncipalement  efficaelte  et  cout  1  deflnis  au  cours  de 
la  premiere  phase. 


Phase  jt  ;  Coraparaison  des  systiraes  ;  conclusions  et  recommendations . 

A  partir  des  r^sultats  de  I'ivaluation  des  performances  des  systemes,  on  realise  une 
synthase  ayant  pour  but  ; 

.  de  comparer  les  divers  types  de  systemes  Sol-Air  suivant  les  crit4res  adopt^s,  de 
faqon  a  identifier  les  systemes  les  plus  ir.teressants , 

.  de  ddgager  les  axes  d'efforts  et  de  recherche  qu’ll  seralt  necessaire 
d'entreprendre  pour  pouvoir  disposer,  a  l'horizon  considers,  des  systemes 
pr4c4demment  d4finls. 

3.3  lere  Phase  :  FORMULATION  DU  PROBLEMS 

Pour  mener  a  bien  cette  etude,  il  a  4te  necessaire  dis  le  depart  de  faire  un  certain  nombre 
d'hypothises  et  de  definlr  les  criteres  a  utlllser  pour  ^valuer  et  comparer  les  systemes  d’armes  Sol- 
Air  Tr&s  Courte  Portee. 

Les  travaux  effectuSs  au  oours  de  cette  premiere  phase  de  1* etude  ont  done  comport^  : 

-  un  reouell  des  dnnnies  et  une  definition  des  conditions  opirationnelles, 

-  la  definition  des  criteres  devaluation  des  systemes  SATCP, 

-  un  inventaire  des  solutions  possibles  pour  les  sous-systdmes  des  systemes  Sol-Air  a  Trfes 
Courte  Portee. 


3.3.'  RECUEIL  DES  DONNEES  ET  DEFINITION  DES  CONDITIONS  OPERATIONNELLES 

Au  cours  de  cette  phase  nous  nous  sommes  efforces  de  definlr,  en  accord  avec  les  op4ratlonr.els, 
les  points  sulvants  : 


-  les  contralntes  princlpales  que  dolvent  respecter  les  systfemes  : 

.  transportables  a  dos  d'horame 

.  portee  operationnelle  maxitnale  a  tres  basse  altitude  :  5  km 
.  munition  guides 

-  les  menaces  devant  Stre  engagees  par  oes  systemes  et  qul  ont  et4  d^finies  par  quatre  types 
d'aeronefs  : 

.  helicopters  lourd  de  combat 
.  chasseur  bombardier 
.  avion  de  combat  leger 
.  drone. 

Ces  menaces  ont  ete  defines  aussi  olen  par  leurs  caract^ristlques  dlmenslonelles  et 
clnematlques  que  par  leurs  signatures  dans  dlff^rentes  longueurs  d'onde. 

-  1 'environnereent  dans  lequel  les  systimes  SATCP  sor.t  susceptlbles  d'ivoluer.  En  partlculler 
un  recuell  statlstique  des  conditions  m4t4orologiques  pr^valant  en  Centre  Europe  a  6t4 
effectue.  Deux  donn^es  tr£s  lmportantes  ont  iti  degag^es  de  ces  investigations  : 

.  la  vlsiblllte  raeteorologique  horlzontale  (figure  3)  raoyenne  dans  la  region  Centre 
Europe  n'est  que  de  7  km,  une  vlsiblllte  meteorologlque  superleure  a  17  km  ayant  une 
probability  d'apparitlon  de  10  t. 

.  les  distances  d ' intervlslblilte  entre  le  sol  et  un  aeronef  volant  a  100  metres 
d'altltude  sont  tres  rarement  superleures  a  3  km. 


3.3.2  DEFINITION  DES  CRITERES  D' EVALUATION  DES  SYSTEMES  SATCP 


Afin  de  pouvoir  orlenter  les  modellsatlons  de  la  phase  2  en  fonction  des  evaluations  qul 
devront  Stre  faltes  au  cours  de  la  phase  3,  une  liste  de  rlteres  de  comparaison  a  ete  etablle  des  le 
debut  de  l'etude. 

Ces  criteres  sont  d'orare  quantitatifs ,  semi-quantitatifs  ou  qualitatifs.  La  liste  suivante  a 
ete  etablle  : 


1  -  Domalnes  de  tir  et  d ' interception 

2  -  Pourcentage  du  temps  pendant  'equel  le  systeme  est  utlllsable 

3  -  Probability  unitalre  de  destruction  de  la  cible 

U  -  Servitudes  de  .mise  en  oeuvre  (delals  de  rise  en  service,  durec  du  rechargenent ) 

5  -  Probablllte  globale  de  destruction  d’une  c'ble  traversant  le  domalne  d'action 

6  -  PortablUte/epaulablilte  (masse  et  er.combrement ) 

7  -  Cout 


8  -  Polyvalence  vis  a  vis  des  objectlfs  prlnelpaux 

9  -  Aptitude  4  reopllr  d'autres  missions  marginales  (anti-char,  combat  hellcoptAre- 

hillcopt&re) 

10  -  Horizon  da  la  mise  an  service  des  systemes 

11  -  Discretion  d'utilisation 

12  -  Resistance  aux  CM  (IR,  EM,  ...). 

3.3. 3  INVENTAIRE  DES  F0NCT10NS  ET  SOLUTIONS  TECHNIQUES 

A  la  fin  de  la  phase  de  formulation  du  problAme  un  premier  lnventalra  des  prinoipales  fonctlons 
reraplles  par  un  systAme  SATCP  a  AtA  dressA.  Une  vlngtalne  de  fonctlons  ont  alnsi  pQ  etre  Identifies 
qui  ont  ete  classAes  en  fonctlons  "systAme"  et  "missile"  comae  l'lndique  le  tableau  N°1  ci-dessous  : 


F0NCTI0NS 

SYSTEME 

1 

1 

F0NCTI0NS  MISSILE 

r 

IMPLANTATION 

1 

1 

LANCEMENT  4. 

LANCEUR 

1 

1 

AERODYNAMIQUE 

1 

PILOTAGE 

ALERTE 

1 

i 

NAVIGATION 

IDENTIFICATION 

1 

1 

STRUCTURE 

ACQUISITION 

1 

1 

PROPULSION 

t  EJECTION 

EVALUATION 

OBJECTIF 

1 

1 

\  PROPULSION  PRINCIPALS 

POURSUITE 

.MISSILE 

1 

1 

ARMEMENT 

f CHARGE  MILITAIRE 

ILLUMINATION 

MODE  DE  GUIDAGE 

1 

1 

l  MISE  A  FEU 

GUIDAGE 

.ELABORATION  DES  ORDRES 

1 

1 

ENERGIE 

RALLIEMENT 

1 

1 

TRANSMISSION 

Tableau  H*  1  : 

1 

1 

Fonctlons  d 

un  systAme  SATCP 

Pour  chacune  de  ces  fonctlons,  un  lnventalra  des  sous-systemes  a  priori  envisageables  pour  les 
assurer  a  AtA  realise,  de  ra?on  la  plus  exhaustive  possible  A  ce  stade  de  l'etude.  Ces  fonctlons 
sont  repertortees  aur  la  rigure  N°  ". 

3.4  2Ame  Phase  i  ETUDES  DE  FAISABILITE  ET  MODELISATION  DES  PERFORMANCES  DES  SOUS-STSTEMES 

Les  etudes  de  falsabllite  et  de  raodeilsatlon  effectuees  pour  chacun  des  eous-syatAmos 
susceptibles  de  remplir  une  fonction  dans  un  systAme  Sol-Air  A  Tris  Courts  PortAe  ont  permia  de 
cholslr  le  ou  les  sous-systAraes  dont  le  niveau  technique  et  les  performances,  actuals  et  futurs, 
pertrettent  d'envlsager  ieur  utilisation  dans  ces  systemes  d'armes  A  l'horlzon  1985-1990. 

Nous  donnons  cl-aprAs  quelques  ex6mples  de  resultats  sur  les  sous-systAmes  prlnelpaux. 

3.4.1  DETECTION  VISUELLE 

L'oeil  humaln  restera  un  systAme  de  dAtectlon  utillsA  dans  la  grande  majority  des  systAmes  et 
ce,  quelque  soit  l'horlzon. 

Les  travaux  effectuAs  ont  conslste  A  modellser  le  processus  de  detection  vlsuelle  d'un  objectlf 
aerlen  en  valldant  cette  modAlise.tion  par  couparaison  des  resultsts  de  la  simulation  A  des  resultats 
experimental^.  Le  figure  N“  5  lllustre  la  bonne  representative  du  modAle.  L'exploltatlon  de 
celul-ol  a  ensulte  permls  de  mettre  er.  evidence  les  points  suivants  : 

-  11  est  tre3  lnteressant  et  sans  doute  primordial  de  pouvolr  affecter  au  servant  des 
secteurs  de  recherche  plus  petlts  que  30°  x  5’  voire  15°  x  5",  d'oii  l' importance  dos  moyens 
de  prealerte. 

-  les  distances  de  detection  vlsuelle  a  l'oeil  nu  sont  toujours  faiblos.  Les  distances  de 
dAtectlon  d'un  chasseur-  bombardier  avec  un  champ  de  recherche  de  10e  x  5*  pour  une 
probability  de  detection  de  0,9  et  par  une  visibility  metecrologique  de  7  km  sont 
inferleures  a  2  km. 


2-5 


-  1 ' utilisation  d'une  lunette  grosslssante  permet  d'amAllorer  ces  distances  de  detection. 
Ainsl  dans  le  cas  d'un  chasseur  bombardier  k  Mach  0,7  et  pour  les  mSmes  conditions 
(  'f  x  Y  =  10°  x  5"  ;  VM  ;  7  kn)  on  trouve  les  portAes  sulvantea  (en  km)  : 


1 

1 

1 

1 

Grosslssement  1 

1 

Oell  nu 

2 

5  1 

1 

1 

8  1 

I 

10  1 

1 

1 

1 

1 

Pd  =  0,9  1 

1 

1,75 

2,55 

1 

3,5  1 

1 

1 

3,8  1 

1 

U  | 

! 

1 

1 

! 

Pd  =  0.5  1 

1 

2,65 

3,5 

1 

9,95  1 

1 

1 

9,95  1 

1 

5,1  1 

Tableau  N°  2  :  Distances  de 

dAtection 

vlsuelle  avec  lunette 

grosslssante  (cible  chasseur  bombardier) 


3.9.2  SYSTEMES  T.V. 

Deux  utilisations  de  la  tAlAvlslon  sont  a  priori  envisageables  dans  le  cadre  des  syst Ames 
d’armes  SATCP  i 

•  polntage  automatlque  d'un  falsoeau  sur  la  cible, 

•  autodirecteur  du  missile. 

Out  ce  solt  pour  l'une  ou  1'autre  des  applications,  ces  aystAmes  devront  rAallser  une 
correlation  optlque  automatlque  nAcessltant  sependant  une  visualisation  prAalable  pour  dAteoter, 
aequArlr  et  accroeher  1 'autotraqueur  T.V.  sur  la  cible. 

L'etude  de  faisabilltA  avalt  conclu  que  grace  A  1 ' utilisation  possible  des  techniques  C.C.D.  et 
k  la  miniaturisation  des  composants,  des  autodirecteurs  T.V.  implantables  dans  un  missile  de  calibre 
minimum  IOC  mm  Atalent  envisageables  k  l'horizon  consldArA  nais  devalent  Atre  assoolAs  k  des  postes 
de  tir  sophlstiques. 

3.9.3  GUIDAOE  X .8 . 

En  fonetlon  de  l'horizon  de  mlse  en  service,  deux  types  de  dAtecteur  ont  AtA  IdentiriAs  i 

-  A  l'horizon  85,  utilisation  solt  des  dAteoteura  oonooellules  classlqueo,  solt  des 
autodirecteurs  k  cellules  en  crolx  qul  amAllorent  la  prAclslon  du  guidage  (bruit 
d'AcartooAtrle  plus  falble)  et  les  portAes  da  dAtection  (mellleur  traltement  du  signal). 

-  A  l'horizon  1990,  utilisation  de  matrices  C.I.D. 

Pour  des  cellules  en  Antlmoniure  d'Indlum,  la  figure  N*  6  compare  les  portAea  de  dAteotlon 
attelgnables  solt  avec  un  autc  ilrecteur  monocellule,  solt  aveo  des  autodirecteurs  multicellules,  l'un 
Atant  composA  de  quatre  cellules  en  crolx,  1'autre  ayant  une  sensibilltA  10  fols  plus  AlevAe  par 
augmentation  du  nombra  de  cellules,  de  leur  detectlvltA  et  par  amAllorstlon  du  traltement  du  signal. 

3-9.U  TECHNIQUES  LASER 

Les  Atudss  ds  faisobilit*  ont  montre  que  la  realisation  d'un  systime  d’autoguldage  semt-sctlf 
laser  respectant  les  contralntes  ImposAes  par  les  systAines  SATCP  Atalt  possible  aux  horlzona 
conaldArAs. 

Bn  effet,  la  falaabllltA  d'un  Ametteur  portable  Amettant  k  la  lorguaur  d'onde  1,06  p  (TAG  dopA 
au  NAodyme)  Atalt  acqulse  et  d'autre  part  1 'autodireotaur  corraspondant  Atalt  rAallsable  dans  un 
diamitre  de  100  ram  pour  obtenlr  la  portAe  sufflsante  (figure  7). 

Une  autre  application  des  techniques  laser  est  le  guidage  sur  fo'-.-eau  qul  a  serablA  rAallsable 
A  condition  d'utlllaer  un  Ametteur  conatltuA  de  diodes  laser  afln  de  le  rendre  portable,  voire 
Apaulable.  Ce  systAme,  compte  tenu  des  caractArlstlques  des  diodes  receptrlces  devait,  pour  pouvoir 
fournlr  les  portAes  opAratlonnellos  souhaltAea  par  falble  vislbllitA  metAorologtque,  Atre  utlllaA  aur 
dea  mlaalles  AqulpAs  de  propulaeurs  omettant  trAs  peu  de  fumAes,  comme  le  montre  la  figure  7. 

3. A. 5  TECHNIQUES  ELECTHOMACNETIQUES 

Aux  horlzona  conaldArAs,  les  techniques  EM  pouvalent  Atre  utlllsAes  de  deux  faqons  dans  le 
cadre  du  SATCP  I 

-  radar  de  prAalerte  et  dAslgnatlon  d'objeotlf, 

-  poursulte  et  illumination  du  la  cible. 

Dans  le  caa  de  cette  dernlere  application,  1 ' lllumlnateur  aasoclA  A  un  missile  guide  grlce  A  un 
autodirecteur  AlectromagnAtlque  seml-aotlf  devait  Atre  rAsllaA  en  technologle  Atat  soltde  pour  Atre 
transportable  ce  qul  aondulsait  A  des  puissances  trAs  limltAea,  mals  nAanmolns  explol tables .  Quant  a 
1 'autodirecteur ,  compte  tenu  des  falbles  calibres  des  missiles  envlssgAs,  11  devait  Atre  du  type 
sntenne  synthAtlque  comme  le  montralent  des  etudes  antArleures  effectuAes  par  d'autres  soclAt.As. 


t 
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3. *1.6  PROPULSION 

Oeux  types  de  propulsion  avaient  6t6  envisage-:  1 

-  le  moteur  fus4e  k  poudre 

-  le  statoriaeteur  sollde  rustlque  ablatable. 

Cette  dernlire  solution  prometteuse  de  par  ses  performances  lntrlnsiques  en  termes  de  portie  et 
vltesse  sur  trajectoire  n'a  cependant  pas  4t4  retenue  pour  la  phase  devaluation  prlncipalement  a 
cause  du  problime  pos6  par  la  nicesslte  de  sureallbrer  le  tube  de  lanoement  pour  loger  les  entries 

d'alr  et  de  la  ra'.sabllltc  tria  lncertalne  de  cette  solution  dans  de  petits  calibres. 

Par  aontre,  l'4tat  de  la  technologie  des  propergols  solldes  peraettalt  de  resoudre  correcteraent 
la  plupart  des  problAmes  de  propulsion  relatlfs  aux  systimes  SATCP  envlsageables,  qu’U  s'agisse  s 

-  de  Injection  a  noyenne  (50  m/s)  ou  grande  vltesse  (250  m/s), 

-  de  l'itage  d'acciliration, 

-  de  l'etage  de  croislire. 

II  convcnalt  toutefois  de  signaler  i 

1)  l'i;iter3t  pr6sente,  pour  1 'application  SATCP,  par  les  propergols  4  grande  vltesse  de 

combustion  (v  >  50  mm/s)  et  tris  Anergitiques  (4tage  de  croislire  k  combustion  frontale)  ; 

2)  la  I'alblesse  de  la  panoplle  des  compositions  dlscrites,  faiblesse  d'abord  du  point  de  vue 

inergitique  et  ensuite  du  point  de  vue  des  vitesses  de  combustion  (et/ou  des  exposants  de 
presslon). 

Un  effort  particuller  de  developpement  devalt  done  Stre  envisage  si  les  systimes  rntenus 
exlgealent  impiratlvement  cette  condition. 

3.4.7  ARMEMENT 

AprAs  un  lnvantalre  exhauatlf  des  charges  mllitaires  envlsageables  pour  les  missllej  SATCP,  11 
est  apparu  que  des  charges  k  iolats  prefragmentis  constltuaiant  la  solution  prifArentlelle,  ohaque 
eclat  ayant  une  macse  unltalre  infirleure  k  1,5  g. 

Les  masses  maximales  de  charge  mllltalre  envlsageables  dans  les  dlffirenta  calibres  sont  lea 
sulvantes  t 


1 

1  0  (mm) 

1 

1  70 

1 

60 

1 

1 

1 

90 

1 

1 

1 

100  1 

1 

1  Mo  (kg) 

1 

1 

1  1,7 

I 

2,4 

1 

1 

1 

3,5 

1 

1 

1 

5,5  1 

L'utlllsatlon  d'une  fusie  de  proxlmlte  ileotrostatique  semblalt  etre  la  mellleure  solution  dans 
les  cas  oil  la  charge  mllltalre  est  sufflsamment  grosse  pour  que  1' Impact  ne  solt  pas  systimstlquement 
nicessalre  pour  endommager  la  clble.  Pour  les  grosses  charges  mllitaires  et  les  dlstanoes  de  passage 
plus  ilevies,  une  fusie  de  proxlmlte  laser  semblalt  la  vole  la  plus  promiteuse. 

3.**.6  CELLULE  PILOTEE 

Lea  configurations  airodynamlques  les  mieux  adaptees  semblalent  it re  la  configuration  canard  et 
la  configuration  alle  longue.  En  effet,  la  premlire  se  prite  trie  blen  aux  ohatnes  de  pilotage 
simplifies  (retour  en  braquage,  pilotage  en  couple,  mlsalLe  en  autorotation),  tandls  que  la  version 
alle  longue  est  mliux  adaptie  A  des  missiles  sophlstlquis ,  tris  manoeuvrables ,  pllotis  sulvant  les 
orola  axes.  Cependant,  le  cholx  definltlf  entre  les  dlffir«rites  versions  et  les  chatnes  de  pilotage 
assoclees  dependralent  avant  tout  des  cholx  du  systi-  ie  en  matlere  de  calibre  et  done  de  coQt . 

En  ce  qul  concerns  la  lot  de  navigation,  son  cholx  6talt  lie  au  systime  de  guldage  utilise  qul 
pouvalt  itro  aolt  I 

-  une  telieommando  manuelle, 

•  un  guldage  aur  falaceau, 

-  un  autoguldage. 

Le  nodele  de  almulatlon  dynamlque  mis  au  poLnt  au  cours  de  cette  /tude  a  ensuite  pcrml.n 
d'evaluer  les  distance-  de  passage  obtenues. 


Dans  le  cas  de  la  telecommande  manueile,  le  comportement  de  l'operateur  huraain  a  AtA  modelisA 
sous  foras  d'une  erreur  d«  pointage  an  ronotlon  du  temps,  a  partlr  de  rAsultats  d'expArlmentatlons 
effectuAes  aur  des  systAmea  slmllalres.  En  effet,  la  modAllsatlon  anelytique  dec  performances  en 
poursulte  du  tirour  est  trop  Hie  A  la  definition  ergonomique  de  son  posts  de  tir  et  a  sa  fonctlon 
prediction,  elements  qu'il  etalt  Impossible  de  prendre  en  compte  dans  une  telle  etude. 


3. 4.9  CONCLUSION 

Au  cours  de  oette  deuxlArae  phase  nous  avons  done  realise  : 

-  un  premier  tri  des  techniques  pouvant  Stre  mises  en  oeuvre  pour 
rerapllr  les  for.ctlons  d'un  systime  SATCP, 

-  un  catalogue  des  performances  lntrlnsAques  des  sous-systAmes  lnteressants 
et/ou  la  mlse  en  plaoe  des  modAles  de  simulation  permettant  de  les  determiner. 


3.5  3»me  Phase  i  DEFINITION  ET  EVALUATION  DES  SYSTEHES 
3.5.1  DEf INITION  DES  SYSTEMES 

Afln  de  faoillter  la  nomenclature  des  aystAmes  SATCP  envisagaables ,  nouc  avons  etabll  un  graph* 
des  structures  de  aystAmes  organise  autour  des  trols  fonctions  qul  deflnissent  de  maniere 
determinants  la  physlonomle  du  systAme,  A  savoir  ; 

-  la  poursulte  du  l'cbjectlf, 

-  la  poursulte  du  missile, 

-  la  mode  de  guldage  du  missile. 

En  effectuant  aLnsl  toutes  les  comblnalsons  possibles  de  sous-systAmes  retenus  et  en  prenant 
blen  entendu  un  sous-systAme  par  function,  nous  avons  rAussi  A  mettre  an  evidence  une  quarantalne  de 
structures  de  base.  Blen  entendu,  toutes  cea  structures  de  base  qul  apparalssent  alnal  a  priori  ne 
prisentent  pas  toutes  le  mSme  niveau  d'lnterAt  et  certalnes  ne  figuraient  qua  parce  que  le  procAdA 
d 'elaboration  de  cea  atructures  les  avalt  mlsea  en  evidence  faute  du  quol  ellas  n'aurflent  pas  AtA 
oltAes  tant  leur  nature  les  rendalt  a  priori  peu  attrayantes  ou  A  l'Avldenoe  molns  lntAreasantes 
qu'une  structure  volalne. 

C'est  alnsl  que,  al  a  priori,  11  n'est  pas  lnenvtsageable  d'assocler  une  poursulte  radar  da 
l'objectlf  at  un  guldage  du  missile  sur  falsoeau  laser,  11  paralt  quand  mime  plus  sain  technlquement 
et  opAratlonnellement  d'assocler  poursulte  et  faleceau  radar  d'une  part  poursulte  optlque  et  ralsceau 
laser  d'autre  part  ne  seralt-c#  que  per  souol  d'homogAnAltA  des  oomporternenta  an  fonctlon  des 
conditions  de  vlslbllltA. 

A  oe  itade  da  l'Atuda  11  a'aglasalt  done,  avant  d'entamer  1 'evaluation ,  de  cholslr  parml  les 
structures  de  base  lea  olasses  de  aystAmes  lntAreasantes  el  au  sain  de  chacune  d'entre  alias  des 
solutions  caractAristlques  representatives  au  niveau  des  dimensions,  des  types  de  cellule  pllotAe, 
des  lots  de  vltease,  etc...,  tnus  paranAtres  qul  sont  a  priori  susceptibles  de  verier  d'un  s/stAme  A 
l'autro. 

C'est  alnsl  que  parml  les  quarantes  structures  ldentlfiAes,  nous  avons  chotsl,  en  aocord  aveo 
le  client,  sept  classes  de  systAmea  dent  l'Avaluatlon  puls  la  ccmparalson  semblalent  partlcullArement 
tntAresauntes , 

AprAe  avoir  effectuA  une  analyse  des  contralntes  que  le  conoapt  mdme  de  cheque  systAme  falaait 
sublr  aur  lee  prlnolpaux  soua-ayat Ames  compte  tenu  des  rAsultats  des  etudes  de  faisabllltA,  nous 
avons  dAflnl  au  aeln  de  chaque  olasse  de  aystAmes  une  ou  plusleurs  versions  de  base  representatives 
et  Aventuellement  une  ou  plusleurs  options.  La  selection  de  ces  versions  qul  ont  ensulte  fait 
l’objat  des  evaluations  a  AtA  operAe  en  aasemblant  des  sous-systAmes  homogAnes  entre  eux  au  vu  de 
arltArea  quailtatlfs  et/ou  quant ltatlf s . 

Afln  de  ne  pas  alourdlr  l'Atude,  la  validation  de  l'mtArit  de  certains  sous-systAmes 
(deviation  de  Jet,  tir  canon,  tlr  avec  avanoe,  aArodynamique  du  type  aile  longue,  ...)  a  AtA 
effectuAe  sur  un  das  systAmea  auquel  11  paralssalt  blen  adiptA  a  priori. 

Compte  tenu  de  ce'to  analyse,  onze  versions  de  base  ont  AtA  retenues  pour  l'Avsluatton  des 
systAmes  et  sont  presei  '.ees  sur  la  Figure  N*  8. 


3.5.2  EVALUATIONS  DES  SYSTEM ES 


Ayant  effectuA  ce  premier  travail  noua  avons  done  enauite  AvaluA  cea  dlffArenta  ayatAmes 
aulvant  lea  crltAres  quantltatlfa  dAfinla  au  dAbut  de  i'Atude,  oette  Avaluatlon  Atant  effeetuAe 
syatAme  par  syatAme.  Auparavant,  lea  performances  de  d4teetlon  vlsuelle  de  clblea  a4rlennea  par  un 
op4rateur  humaln  ont  fait  l'objet  d'une  etude  car  ce  proceaaua  d'acqulaltlon  de  la  clble  eat  oommun  4 
un  grand  norabre  de  ayatemea. 

L'Avaluation  des  ayatAmes  a  ensulte  conslst4  pour  chacun  d'entre  eux  4  : 

-  effectuer  un  devls  de  maaae, 

-  4valuer  lea  loia  de  viteaae  et  distance  paroourue, 

-  4valuer  lea  domainea  de  tlr  cinAraatlques , 

-  evaluer  lea  domainea  de  tlr  dynamlquea  et  done  lea  distances  de  passage, 

-  evaluer  lea  probablllt4a  de  destruction  compte  tenu  dea  distances  de  passage  et  de  la  masse 

de  la  charge  mllltalre, 

•  4valuer  lea  performances  des  syst4mes  de  guldage  du  point  de  vue  des  port4es  d’utllisatlon, 

-  4valuer  lea  delals  de  r4aettcn  dans  diveraes  utilisations  op4ratlonnelles , 

-  4valuer  lea  domainea  de  tlr  opAritlonnels  compte  tenu  des  r4sultats  precAdents, 

-  4valuer  lea  coOta  de  recherche  et  d4veloppement  alnal  que  lea  coQts  d<_  s4rle,  pour  une 

s4rle  de  5  000  missiles  et  de  500  postes  de  tlr. 

A  la  fin  de  cette  phase  d ' evaluation ,  nous  avons  done  dispose  : 

-  de  comparalaor.a  partielles  de  certains  concepts  de  sous-syst4mes , 

-  d'un  catalogue  des  performances  des  diff4rents  syst4mes  qul  nous  a 
permi  enauite  de  lea  comparer  crit4re  par  crit4re. 

Noua  n'en  donnons  lcl  que  lea  princlpaux  r4aultats  pour  llluatrer  la  type  de  sorties  de  tellea 
4tudea . 

3.5.2. 1  Conclusion  g4n4ralea  aur  lea  structures  de  base 

Ceo  conclusions  gAr.Aralos  sur  los  saus-ayatAmes  de  base  4tarit  valables  en  g4n4ral  pour 
l'ensemble  des  ayatAmes  oonsld4r4s,  elles  ont  donn4  lieu  4  des  recoramandatlons  appllcables  4  la  fin 
de  l'4tude  aux  ayatAmes  Jug4s  les  plus  lnt4ressants .  C'est  alnsl  que  l'on  a  ldentlfl4  lea  besolns 
s'Jlvants  i 

a) .  deteotlon  vlauelle 


-  n4ceaslt4,  pour  engager  les  olbles  aecteur  avsnt,  d'une  d4algnatlon  d'objectif  pr4else, 

-  n4oeaalt4,  pour  avoir  des  portAes  aufflsantes  dans  cea  conditions,  d'effeotuer 
1 'acquisition  avec  une  lunette  grosaleoante . 

b)  .  cellule  pllotAe 

-  l'alle  longue  prAaente  peu  d'lntArAt  en  termea  de  manoeuvrabllltA  et  beaucoup 
d M neonvAolents  en  termea  d'onrombrement , 

-  grande  senslbllltA  de  la  portee  du  vecteur  a  la  forme  de  la  polnte  avant  d'ou  1'lntArAt 
dea  former  hAralconlquea  ou  des  lrddmea  pyramldaux  pour  les  ayatAmes  4  guldage  Aloctro- 
opttque . 

-  le  pilotage  un  axe  en  autorotation  nAceoslte  dea  tlrs  avec  avsnee  en  azlmut  pour 
oompenaer  la  plue  falble  manoeuvrabllltA  obtenue  qu'avec  les  ayatAmes  twist  and  steer 
qul  ont  de  tres  bonnes  performances  en  distance  courte. 

c )  .  Propulsion 

-  aur  lea  clblea  tmmobllea  atatlonnatrea  11  eat  indispensable  d'avolr  une  viteaae 
d'Ajectlon  eufriaante  faute  de  quol  11  eat  nAceaaalre  de  procurer  une  AlAvation  AlevAe 
en  site  pour  contrer  lea  effete  de  la  pesanteur,  ce  qul  dAgrade  les  performances  4 
courte  portee. 

-  l'Ajectlon  par  effet  canon  dolt  procurer  dea  accelerations  infArleurcs  4  500  g  pour 
reater  competitive  avec  les  autres  solutions  au  niveau  des  dimensions  du  systAme  et  dans 
ce  cas  elle  n'apporte  aucune  amelioration  au  niveau  des  distances  oourtes  du  domains 

d' act  ion. 

d)  .  Epaulablllte/ Portability 

Du  point  de  vue  dea  masses,  la  llmlte  entre  1 'epaulabl 1 1 tA  et  la  portability  semble  ae 

altuer  entre  lea  calibres  70  nm  et  80  mm,  lea  ayatemea  de  calibre  100  mm  n'Atant  plu3 

guere  portables. 


3. 5. 2. 2  Performances  dea  systemes 

Lea  evaluations  ont  4t4  effectuies  ayatime  par  systems,  ee  qul  a  permla  de  dreasor,  pour  chacun 
d'entre  eux,  un  catalogue  exhaustif  de  leura  performances. 

k  l'alde  du  catalogue  dea  performances  de  chacun  dea  systimes  nous  avona  ensuite  compart  cea 
systemes  crlt4re  par  critire  en  esaayant  a  chaque  fols  de  synthitiser  et  sch4matlaer  de  faqon  la  plus 
clalre  possible  lea  caracterlstiques  de  chaque  eystSme. 

Tou Jours  dans  un  souol  de  concision,  lea  variantea  de  certains  systemes  n'ont  et4  prises  en 
oompte  quo  dans  la  raesure  ou,  face  4  un  certain  entire,  elles  se  demar  uaient  par  rapport  a  la 
version  de  base. 

Afln  de  raciliter  la  comprehension  de  cet  expose,  nous  presentona  dlrectement  les  resultats  de 
cette  oomparalson  sur  les  critires  quantltatlfs,  blen  que  celle-cl  n'alt  4t4  effectuie  qu'au  dibut  de 
la  o'latrl&me  phase  de  l’itude. 

a)  Domalnes  de  tlr 

La  comparalson  dea  domalnes  de  tlr  a  ete  e(rectu4e  en  oonsidirant  les  performances  "dynamlques" 
des  vecteurs,  sans  falre  lntervenlr  de  llmitati-  is  operationnelles .  Ces  domalnes  de  tlr  face  4  un 
chasseur  bombardier  sont  repr4sent4a,  a  titre  d'exemple,  aur  la  figure  Ne  9- 

T.l  reaaort  de  l'exaraen  de  ces  domalnes  que  ce  sont  les  systioes  4  autoguldage  infrarouge  qul 
preset  tent  les  meilleures  distances  courtes,  surtout  s'ils  sont  4quip4s  d'un  pilotsge  deux  axes.  LSs 
systimes  4  autoguldage  laser  seml-actlf  peuvent  4ga 1 emen t  procurer  de  bonnee  performances. 

Par  centre,  les  llmltes  longues  de  ces  systimes  sont  relativement  falbles.  Les  systemes  4 
sutoguldage  I.n.  auront  des  distances  longues  superleures  ou  egales  a  celles  des  missiles  guides  en 
alignement  sur  falsceau  laser  pourvu  que  1 'airodynamlque  de  leur  pointe  avant  permette  de  dlralnurr  la 
trainee,  e'est  4  dire  qu'ils  solent  4quip4s  d'un  hlralcone  ou  mleux  encore  d'un  lrdSrae 
pyramidal . 

Enfln,  notons  qu'une  derobade  de  la  clble  degrade  fortement  les  Unites  courtes  des  systemes 
guides  o.i  alignement,  beaucoup  plus  que  celles  des  systimes  autoguld4s. 

b)  Pourcentsge  du  temps  d'utlllsatlon  dea  systimes 

Le  pouroentage  du  temps  d'utlllsatlon  des  dlffyrents  systimes  er.  fcnctlon  de  la  distance  de  tlr 

a  et<  determini  en  tenant  compte  I 

-  des  Unites  de  detection  vlsuelle  en  fonctlon  de  la  visibility 
m4t iorologlque  horizontals  Vp| 

-  der  llmltes  de  port4e  d'utlllsatlon  des  systimes  de  guldage  en  fonctlon  de  VM 

•  des  dilals  de  riactlon  des  syst4mes 

-  des  statlstlques  de  visibility  miteorologlque  horizontals  sur  la  zone  Centre-Europe 

-  des  domalnes  de  tlr  dynamlquea  des  ayatimes. 

Ce  pouroentage  de  temps  d'utlllsatlon  a  iti  ivalui  solt  sur  un  avion  volant  4  Mach  0,7  en 

priaentitlon  frontale  (figure  10),  solt  sur  un  hillcoptire  statiornalre  se  dimasquant  20  secondes 

(rlgure  11). 

Mlses  a  part  pour  les  falbles  distances  de  tlr  ou  dans  ce  oas  lea  systimes  autoguldes  permettent 
une  utilisation  sur  une  durie  beauooup  plus  grande  du  fait  des  performances  lntrlnsiques  des  vecteurs, 
on  peut  remarquer  que  les  pourcentagea  d'utlllsatlon  des  dlffirents  systemes  sont  peu  dlffyrents  aux 

grandes  ponies. 

En  fait,  les  dlffyrences  provlennent  de  deux  causes  i 

-  loa  dyiala  de  reaction  qul  sont  lygArement  dlffyrents  d'un  systems  4  l'autre 

-  1 'utilisation  ou  non  d'une  lunette  grosslssante  pour  1 'acquisition  vlsuelle. 

La  dyteetlon  vlsuelle  de  la  clble  ytant  un  processus  tris  oontralgnant,  toutes  les  differences 
entre  syat4mes  sont  "nlveleef"  par  sea  mydlocres  performai.ces  et  flnalement  lc  pouroentage  du  temps 
d ' ut 1 1 1  nation  des  systimes  a  des  porties  superleures  4  2  km  depend  surtout  de  la  faijon  dont  s'opere 
1 ' acquisition  vlsuelle  de  la  clble.  On  peut  tenter  de  resumer  la  comparalson  de  la  facon  sulvante  s 

-  pour  des  distances  de  tlr  Infirleures  4  2  km,  11  exlste  un  net  avantage  pour  les  systeme3 
autogutdis,  surtout  lnfrarouges. 

-  au  dels  da  2  km,  le  pouroentage  d'utlllsatlon  dipenl  surtout  du  type  d'acqulsltlon  vlsuelle 
qul  est  erfectuee  (groaslssement  ou  non).  Cependant,  pour  reeter  oompetitlfa  au  niveau 

de  ce  crltire,  les  systemes  autoguldes  I.R.  devront  itre  equlpes  d'un  autodirecteur 
sophlstlque  de  grande  sensibility. 


c)  Probability  unltalre  de  destruction 

SI  l'on  met  de  coty  les  notions  de  fiabllite,  la  probability  unltalre  de  destruction  depend 
prlnelpalement  de  la  nature  et  de  la  masse  de  la  charge  railltaire,  du  fonctlonneraent  de  la  fusde  de 
proximity  coraptt  tenu  de  la  gyomytrle  d»  la  prysentatlon  terminate,  de  1b  distance  de  passage  et  de  la 
vulnyraClllte  de  la  cible. 

Dans  le  cas  prysent,  la  dytermlnatlon  de  ces  relations  est  impossible  a  obter.ir  avee  un  degre 
de  conflance  suffisant  par  des  methodes  simples,  done  globales,  etant  donny  que  les  masses  de  charge 
sont  falbles  et  que  vis  a  vis  des  distances  de  passage  obtenues,  la  cible  ne  peut  etre  consideree 
comae  ponctuelle,  blen  au  oontraire. 

Une  premiire  mesure  de  l'efficacite  relative  des  dtfferents  systimes  est  done  1 'ecart-type 
de  la  distance  de  passage  (suppesye  etre  dlstribuye  sulvant  un  lol  de  Rayleigh  centrde).  Nous  avons 
done  reprysenty,  pour  un  avion  yvoluant  a  Mach  0,7  a  une  distance  nodala  de  1  kin,  Involution  de  ces 
distances  de  passage  en  fonctlon  de  l'abseisse  du  point  de  tlr  (figure  12),  le  mime  paramitre  ayant 
et<£  roprysente  face  a  l'nellcoptire  stationnalre  (figure  13). 

Ce  sont  les  systimes  autcguldds  I.R.  qul  presentent  en  gyndral  les  distances  de  passage  les 
plus  falbles,  les  systimes  guides  en  allgnemert  ->u  autoguides  laser  seml-actlfs  ayant  une  distance  de 
passage  qul  augments  assez  rapldement  aux  grandes  distances  ytant  donny  les  erreurs  qul  sont  Hies  4 
la  poursuite  de  la  cible. 

En  parallile,  un  modil#  d'efflcaclte  terminale  de  charges  mllitaires  a  ete  utilise  pour 
fournir,  faoe  aux  diffyrentes  clbles  reprysentees  sous  forme  d'une  dycoopoaltlon  gyometrlque  et 
d’eiyments  vulnyrables  quantifies,  les  probabintys  de  destruction  en  fonctlon  de  l’ycart-type  de  la 
distance  de  passage,  et  ce  pour  plusleurs  masses  de  charges  mllitaires  4  eclats  (voir  un  example 
figure  lb). 

A  l'aide  de  ces  donnees,  il  eat  aiors  possible  de  graduer  les  domaines  de  tlr  non  plus  en 
distances  de  passage,  raals  en  probabllitys  de  deatructlon. 

d)  Performances  opyratlonnelles 

Les  flgurea  15  et  16  repr4sentent ,  pour  deux  valeurs  de  la  visibility  meteorologique 
horizontal#,  dea  domaines  de  tlr  opy-atlonr.ela  obtenus  en  tenant  compte  des  dyials  de  reaction,  des 
portees  de  detection  visuelle,  des  portyes  du  systirae  de  guldago  et  des  performances  dynamlques  des 
missiles . 

Pour  synthytlser  et  comparer  les  performances  des  dlffyrents  systimes  sulvant  les  orlteres 
envlsagis  nous  avons  flnaleraent  ivalui  les  valeurs  des  differents  paramitres  prlnclpaux  caractirlsant 
les  aptitudes  opiratlonnelles  de  chacun  des  systimes  en  noue  plaqant  dans  des  conditions  de  tlr  non 
plus  paramitrlques  mals  flxies.  Par  exemple,  les  deux  tableaux  cl-apris  fournlssent  certalnes  de  ces 
performances  dans  deux  cas  i 

-  Interception  d'un  hillcoptire  ae  diraasquant  pendant  20  secondes  4  b  kro  (Tableau  N*  3) 

-  Interception  d'un  avion  en  priaentatlon  frontale  4  3  km  (Tableau  N'  b). 


SYSTEMES 


Guldage  sur 

falsceau 

laser 


t  *  70  mm 


0  x  90  mm 

•  polntage  autonatlque 
-  lunette  grosalsaante 


Pourcentage 
du  temps 
d'utlllsation 


Autoguldage 

1  A.D.  monocellule  1 

1  1 

0 

1 

1 

1 

1 

1 

1 

I.R. 

1  1 

1 

1 

0«  90  mm 

1  -  AD  sophistlque  1 

1 

1 

1  -  lunette  grosals-  1 

1  sante  1 

1  1 

0,55 

1  0,5 

1 

1 

1  1 

1 

1 

0,07 
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1 

1  Polntage  autonatlque 

"l 

1 

1 

1 

1 

1 

1  laser 

1 

1 

0,38 

1 

0,88  1 

0,9 

1  aeml-actlf 

!  ,  lunette  grosalsaante 

1 

1 

1 

1 

1 

1 

1 

Distance 

de 

passage 

(ir.) 


1,96 


0,78 


Probability 

de 

destruction 


0,1 


n ,  9u 


Tableau  N'  3  i  Cible  hellcoptire  ae  demasquant  20  s  a  b  km 


SfSTEMES 

Pourcentaga 
du  temps 
d ' utilisation 

1  Distance 

1  de 

1  passage 

1  (a) 

1  Probablllti 

1  de 

1  destruction 

Autoguldage 

1 

1  A.D.  de  rifirence 

1  monocellule 

1 

0 

I.R. 

0  =  90  ram 

1 

1  -  AD  aophiatlqui 

1  -  lunette  groasla- 
1  aante 

1 

0,40 

I  0,5 

1  1 

1  0  =  70  mm 

0,225 

1  1,26 

i  0,31 

Culdage  aur 

faiaceau 

laaer 

1  0  «  90  mm 

1  -  pointage  autoaatlque 

1  -  lunette  groaaiaaante 

0,375 

1  1,12 

1  0,57 

Autoguldage 

laser 

seml-actlf 

1  Pointage  autoaatlque 

1  ♦  lunette  groaaiaaante 

0,39 

1  1 

1  0,8 

Tableau  N°  R  i  Clble  avion  lntereeptie  A  3  'em 


e)  Haoae  dea  mlaallea  et  dea  ayatimea 

En  falaant  verier  la  masse  dea  mlaallea,  nous  avona  calculi  pour  chaque  calibre  la  portie 
correapondante.  On  a'apergolt  que  k  calibre  et  k  port 4e  donnia,  lea  mlaallea  guldia  en  allgnement  aont 
plus  ligara  que  lea  mlaallea  autoguldia  (figure  17),  tandia  qu'au  niveau  dea  systfcmea  lea  masses  aont 
oomparables  (figure  18),  lea  poatea  da  tlr  dea  ayatimea  guldia  en  allgnement  itant  plus  lourda  que 
ceux  dea  ayatimea  k  autoguldage  I.R. 

Quol  qu'll  en  aolt,  cette  comparalaon  dea  maaaea  ne  constitue  paa  un  entire  de  cholx  al  l'on 
effectue  dea  comparalaons  calibre  par  calibre.  Ce  que  l'on  peut  digager  de  ces  graphlques  eat  cue  ! 

-  lea  ayetimes  de  calibre  70  ms  aont  ipaulablea, 

-  lea  syat&mea  de  calibre  80  nm  pourralent  it re  ipaulables 

mala  leur  portie  aeralt  tris  falble, 

-  lea  ayatimea  de  calibre  90  mm  aont  transports  bias  en  un  ou  deux  fardeaux, 

-  lea  ayatimea  de  calibre  100  mo  aont  tris  dllflcllement  tranaportablea  et 
doivent  pratlquement  itre  lraplantis  aur  vihloule. 

En  corrolalre  de  cea  constatationa ,  11  a'enault  que  i 

•  lea  systimea  k  autoguldage  I.R.  ou  A  tilivommande  en  allgnement  peuvent 

exlater  en  veralona  ipaulables,  tranaportablea  ou  montia  aur  vihloule, 

-  lea  ayatimea  guldia  aur  faiaceau  laaer  peuvent  itre  ipaulables  iventuellement 
dans  una  version  unlquement  antl-hiliooptire  mala  aeront  plutSt  tranaportablea 
ou  montia  aur  vihloule, 

-  lea  ayatimea  k  autoguldage  laser  seml-actlf  ou  &  autoguldage  T.V.  ou 
ileotromagnitlquea  aeront  tris  dlffiellement  tranaportablea  et  devront 
sens  doute  itre  Installis  aur  vihloule. 

f)  CoQt  dea  ayatimea 

l.ea  coQta  de  sirle  pour  une  aerie  de  rifirence  de  5  000  mtaallee  et  de  500  postes  de  tlr  ainsl 
que  les  coQta  de  recherche  et  diveloppement  unt  et i  iveluia  pour  cheque  aystime. 

Cea  coQta  ont  enaultc  i ti  coraparia  en  aleur  relative  en  prenant  comme  base  le  aystime  k 
tilioommande  manuelle  en  calibre  70  mm  qui  prisente  le  plus  falble  coQt  d'iqulpement  total  (5  000 
mlaallea  *  500  poatea  de  tlr  *  R  et  D).  On  a'apergolt  alora  que  lea  ayatimea  guldia  en  allgnement  aur 
falaoeau  laser  repriaentent  un  ooQt  global  d'iqulpement  lnfirleur  au  ooQt  dea  ayatimea  autogutdif 
Infrarouge  de  mime  oallbre  (30  5  plus  ehera).  En  effet,  si  le  ooQt  dea  poatea  de  tlr  dea  systAmes 
guldia  en  allgnement  aur  faiaceau  laaer  eat  preaque  3  fols  plus  ilevi  que  oelul  dea  systimea  4 
autoguldage  Infrarouge ,  11  n'en  reate  pas  molns  vral  que  las  mlaallea  de  ces  dernlera  ayatimea  itant 
en  contre-partle  80  I  plus  chers,  cecl  donne  un  coQt  global  plus  ilevi  itant  donni  qu'll  n'y  a  que 
500  poatea  de  tlr  pour  5  000  mlaallea. 
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On  peut  supposer  que  tant  qua  le  rapport  entre  le  nombre  be  missiles  et  le  nombre  de  postes  de 
tlr  sera  de  10,  cet  ecart  de  30  i  subslstera  queues  que  solent  les  series  en  consid6rant  des 
coefficients  d'apprentlssage  identlques. 

Quant  aux  coOts  globaux  des  autres  systemes  autoguld4s  (laser  et  T.V.)  ils  sunt  2  k  2,5  fols 
plus  Aleves  que  les  coflts  des  syst&mes  guides  en  allgnement  4tant  donn4  que  non  seulement  le  missile 
raais  aussl  le  poste  de  tir  sont  ohers. 

Nous  n'avons  pas  4valu4,  pour  dlverses  raisons,  le  co3t  de  la  phase  d’exploltatlon  et  de  vie 
op4ratlonnelle  du  systems.  Ces  coQts  rep"esentent  en  g£n4ral  un  pourcentage  asset  eleve  du  cout  total 
et  d'autre  part  l'expdrlenea  montre  qu’assez  solvent  oe  sont  les  systemes  qul  sont  les  plus  simples 
et  done  les  molns  ehers  k  1 'achat  qul  coQtent  le  plus  en  phase  de  vie  opiratlonnelle  k  cause  par 
exemple  des  programmes  d'entralnement  qul  sont  plus  4toff4s. 


3.6  H4me  Phase  :  C0NCLUSI0NS/REC0MMANDATI0NS 

3.6.1  C0MPARAIS0N  DES  SISTEMES 

Cette  phase  de  synthise  a  permls  de  comparer  quantltat' vement  et  qualltatlvement  les 
dlff4rentes  solutions  envisages  face  k  une  dizalne  de  crltires.  Les  comparalsons  quant  1  tat  Ives  ont 
ete  pr4sent4es  au  chapltre  precedent  dans  la  rubrique  evaluation.  Quant  aux  comparalsons  qualltatlves 
elles  ont  donne  lieu  a  des  Jugements  relatlfs  coopte  te.iu  des  crit&res  sulvants  : 

-  polyvalence  des  systimes, 

-  horizon  de  raise  en  service, 

-  risques  de  diveloppement , 

-  discretion  d'utillsatlon, 

-  resistance  avx  contre-mesures. 

3.6.2  CONCLUSIONS  SU.1  LES  SI  STEM  ES 

3. 6. 2.1  Systimes  k  autoguldage  l.R. 

Les  systemes  a  autoguldage  lnrrarouge  orfrent  de  bonnes  performances  a  courte  portee,  que  ce 
soit  avec  un  pilotage  twist  and  steer  ou  avee  un  missile  en  autorotation  pllotA  sur  un  axe  si  un  angle 
d'avance  est  donni  au  depart  (of  figure  7).  Les  porties  d'accrochage  des  autodlrecteurs  lnTrarouges 
eur  les  clbles  etudl4as  semblent  pouvolr  etre  parties  i  un  niveau  de  performances  sufflsant  pour  ne 
pas  limiter  op4ratlonnelleraent  la  port4e  du  syatime  (figure  5). 

Flnalement,  11  serable  se  d4gager  deux  classes  possibles  de  systemes  autoguld6s  lnfrarouges  : 

-  une  classe  de  missiles  de  calibre  90  ram,  transportables  raais  non  Apaulables  et  dont 

1 ' utilisation  optlnale  pourralt  3tre  la  defense  des  points  sensibles  par  lnt4gratlon  dans 
un  syateme  oorapranant  des  moyens  de  prialerte  performants  j 

-  une  classe  de  missiles  de  calibre  70  mm,  ayant  une  capacity  d'attaque  avant  llmltie 
(autodlrecteur  et  vlseur  plus  rustlque)  raais  ayant  l'avantage  d'etre  epaulables.  Ces 
systimes  convlendralent  mleux  k  l'attaque  en  socteur  arrlire  d'avlons  penetrants,  aux 
operations  de  commandos,  aux  guerrillas,... 

3. 6. 2. 2  Systimes  guides  an  allgnement  sur  falsoeau  laser 

Les  distances  de  passage  obtenues  avec  ces  systemes  sont  en  raoyenne  plus  elevees  qu'avec  les 
ayst&nea  autoguides  et  un  calibre  de  90  mm  scmble  etre  un  minimum  pour  pouvolr  3tre  efflcace  face  a 
des  avlons. 

L'utlltsatlon  d'un  pointage  autoraatlque  du  fatBceau  permet  de  r6dulre  sensiblement  lea 
distances  de  passage  vers  les  llmltes  longues  du  domains,  la  distance  courte  restant  da  toutes  faqons 
assez  elevoe  pulsqu'elle  depend  surtout  de  la  cinematlquc  de  la  lol  de  guldage. 

Lo  syateme  de  guldage  ne  limits  la  port4e  du  syst&me  que  quar.d  la  visibility  m6teorologlque  est 
mauvaisa  et,  par  beau  temps,  un  syateme  equlpe  d'un  autopointeur  et  pourvu  d'une  designation 
d'objectlf  tris  precise  possfcde  un  domains  de  tlr  th6orique  tris  6tendu. 

Malheureusement ,  rlen  n'lndique  que  dans  la  pratique  le  tlreur  sera  en  mesure  d'evaluer  ces 
distances  de  tir,  ce  qul  pourra  condulre  soit  a  un  gachls  de  missiles,  solt  a  une  utilisation 
operatlonnelle  en  deqa  des  performances  lntrlnseques  du  systeme. 

3.6.2. 3  Systemes  t416command6s  manuellement 

Laa  systemes  k  tel6commande  manuelle  possedant  un  mode  de  pilotage  sur  deux  axe-  en  twist  and 
steer  apparalsaent  performants  a  longue  portee  dans  la  mesure  ou  l'on  envisage  l'utll  satlon  de 
propergols  discrete . 

En  revanche,  leur  lnteret  cperatlonnel  est  assez  Unite  a  courte  portee  et  leurs  perfori'.diices 
clnematlques  sont  ainsl  nettement  lnferleures  a  celles  des  systemes  autoguides  Ir.frarouges  de  mSme 
calibre . 
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Lea  inconvinlent.a  de  cette  catigorie  de  syatimea  aemblent  etre  Ilia  au  procedi  da  guldage  rala 
an  oeuvre  dont  la  priolslon  peut  4tre  llmitie  dans  certalna  oaa  de  tlr  par  lea  difficultia  de 
pouraulte  de  l'objectlf  et  du  missile  par  l'opirateur. 

3.6.2.V  Systiraea  4  autoguldage  laaer  aeral-actlf 

Lea  ayatimea  a  autoguldage  laaer  aeral-actlf  ont  aerabli  beaucoup  raolna  aiduisanta  qu'll  ne 
pouvait  paraltre  a  priori. 

Cependant  leura  capacity  d'amilloratlon  itant  grandea  ila  conatituaient  iventuellement  une 
aolutlon  intirossante  a  un  horizon  plus  lointain  car  11  eat  certain,  et  lea  donainea  de  tlr 
opiratlonnela  le  prouvent,  que  lea  diatanoes  d'aceroehage  sur  avion  venant  de  face  aont  importantes 
quand  le  ayatime  eat  dote  d'un  autopointeur  ilectro-optlque  et  quand  1 'acquialtion  viauelle  eat 
effectuie  4  l'aide  d'une  lunette  groaalaaante.  Ce  syst4rae  beaucoup  plua  proapeotif  pouvait  done  avoir 
un  lntiret  opiratlonnel  4  condition  que  : 

-  lea  propergola  enviaagia  aoient  dlaponlbiea, 

-  lea  imetteura  laaer  ligera  pulsaent  dlapoaer  de  pulaaancea  crStea 
supirleures  4  quelquea  MV  4  dea  cadencea  supirleures  4  ce  qul  italt 
riallaable.  La  cadence  d'illuffllnatlon  a  en  effet  une  influence  aaaez 
lmportante  aur  la  llmite  courte, 

•  la  polnte  avant  du  mlaalle  puiaae  etre  himiconique  ou  encore  mieux  pyraaidale, 

-  le  ayatitne  d'llluminatlon  aoit  iqulpi  d'un  autopointeur  T.V. 

Quol  qu'il  en  aoit  ce  ayatime  re3talt  a  la  llmite  de  la  portability  et  auralt  aana  doute  dO  etre 
lraplante  aur  un  vehicule  liger,  avec  ai  poaaible  un  affut  multiple,  un  dea  lntereta  de  ce  ayateme 
itant  qu'll  permet  le  tlr  en  aalve  de  pluaieura  mlaallea. 

3.6. 2. 5  Syatimea  a  autoguldage  T.V. 

Malgri  la  mlniaturlaatlon  dea  autodirecteura  T.V  pouvant  etre  procurie  par  1 'adoption  dea 
techniques  CCD,  certalnea  contralntea  llmitent  encore  l'utillaation  opiratlonnelle  de  tela  syatimea  et 
en  particuller  le  debattement  maximum  de  l'autodlrecteur  qui  redult  aerieuaement  le  domalne  de  tlr 
par  le  travera  aur  dea  clblea  rapldea. 

La  necessity  de  controler  le  mlaalle  en  roulla  n'est  paa  4  proprement  perler  une  llmite,  mala 
cette  contralnte  a  cependant  une  incidence  aur  la  conception  du  ayateme.  Enfln,  la  mlniaturlaatlon, 
blen  que  dij4  tr4a  avancie ,  ne  permet  guere  de  concevoir  dea  mlaallea  de  callbrea  lnferleura  4 
100  mm,  ce  qul  conduit,  compte  tenu  de  la  niceaalti  d'avoir  une  polnte  avant  aphirlque,  4  un  vecteur 
possidant  de  mauvalaea  performancea  clniraatlques. 

Ce  type  de  guldage  prisente  cependant  l'avantage,  par  rapport  4  toua  lea  autrea  envlaagea  Jus- 
qu'loi,  de  fournlr  une  Image  4  l'opirateur  ce  qul  permet  de  dlmlnuer  lea  faussea  alarmes  et  iventuel- 
lement  de  s'affranchlr  de  aystimes  d'acqulaltion  viauelle  avec  groaaiaaement,  lea  performancea  en 
dlatance  de  l'autodlrecteur  itant  tria  bonnea.  En  outre,  ce  ayatime  eat  tria  priois  et  pourralt  mSme 
permettre,  al  le  procidi  de  correlation  d' image  eat  blen  itudii,  da  gulder  le  mlaalle  vera  un  point 
plua  ou  raolna  cholat  de  la  clble  (utlllaatlon  d'un  traqueur  oentrolde  au  lieu  d'un  traqueur  d'anglea 
par  example). 

3. 6. 2. 6  Syatimea  4  autoguldage  ilectromagnitlque  aeml-acttf 

Le  mlaalle  SATCP  ae  altue  a  1 'extreme  llmite  dea  poaaibilitea  offertea  par  lea  techniques 
ilectromagnetiques .  Encore  convlent-11  que  le  missile  alt  un  diamitre  au  molns  igal  4  100  mm  et 
qu'll  aoit  iqulpi  d'un  autodlreoteur  d'un  type  nouveau  ayant  fait  l'objet  d'itudea  et  de  realisations 
de  prlnclpe  i  l'autodlrecteur  a  antenne  aynthitlque. 

II  a'aglasalt  done  d'un  ayatime  prospectlf  dont  la  ralsabillti  paralasalt  pouvolr  4tre  assures 
blen  qu'elle  n'cit  paa  ete  dimontree  a  cette  epoque  par  un  modile  probatolre  permettant  de  roeaurer  le 
niveau  de  performancea  riellea,  de  Juger  de  l'aptltude  a  ri slater  aux  conditions  d'utillsatlon,  et 
d'appricler  lea  codta. 

L'lntir4t  de  cette  formule  reside  esaentlelleraent ,  dana  le  cas  du  SATCP,  du  fait  que  cette 
antenne  p) aquie  aur  la  structure  permet  : 

1)  d'obtenir  dea  performancea  (gain,  ouverture  de  lobe  ...)  bim  supirleures 
a  cellea  d'une  antenne  claaaique  de  petltea  dimensions. 

2)  d'adopter  n'lmporte  quel  profll  frontal  pour  le  nez  du  mlaalle,  en  particuller 
une  forme  conlque,  lntireaaante  du  point,  de  vue  tralnie. 

Du  point  de  vue  ayateme,  blen  entendu,  cette  aolutlon  a'avire  plua  coroplexe  pulaqu'elle 
niceaalte  : 


-  un  radar  de  veille  ou  un  dlapoaltlf  de  designation  d'objectlf  pricis, 

-  un  ayateme  de  pouraulte  prefirablement  de  type  radar  al  l'on  veut  reater  tout  temps 
(un  autotraqueur  optronique  pourralt  igalement  convenir  pour  un  ayateme  "temps  clalr”), 

-  un  llluminateur  aaservl,  le  radar  de  pouraulte  pouvant  Jouer  ce  role  a'll 
riunlt  lea  conditions  neceasairea  (or.de  continue  notamirent). 
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Dans  sa  structure,  le  systAme  s'apparente  done  deja  a  un  mini  SACP  surtout  si,  tenant  compte 
das  masses  at  des  volumes,  on  considAre  qu'il  doit  etre  installs  sur  une  plateforme  ou  un  vAhicule. 

3.6.3  RECOMMANDATIONS 

Cette  Atude  comparative  de  systAmes  d 'antes  Sol-Air  A  TrAs  Courte  PortAe  a  permis  de  mettre  en 
Avidence  un  certain  nombre  de  doraalnes  ou  li  serablait  nAcessaire  d'entreprendre  ou  de  poursuivre  des 
recherches  afin  de  pouvoir  d'abord  choisir  le  systeme  SATCP  le  plus  interessant  puls  le  realiser  de 
Capon  optimale  a  l'hori2on  considAre  ;  de  telles  recherches  en  effet,  si  elles  aboutissent  rapldement 
permattent  de  lever  les  incertitudes  qul  subsistent  encore  et  done  de  s'assurer  lorsque  le  programme 
est  lancA  qu'il  pourra  etre  conduit  dans  les  dAlals  prevus. 

Cette  etude  a  done  permis  d' identifier  une  liste  d'aotions  qui  apparalssalent  J ndlspensables , 
neoessaires,  souhaltables  ou  utiles  au  vu  des  diverses  etudes  de  faisabilitA,  des  evaluations  et  des 
comparalsons  effeetuees  au  oours  de  cette  etude.  Ces  recoomandations  ont  AtA  classAes  en  quatre 
nlveaux  t 

-  les  Atudes  lndlspenssbles  pour  aberder  la  dAfinition 
d'un  avant-projet  de  systems  SATCP, 

-  les  Atudes  neoessaires  sans  lesquelles  les  systAmes  les  plus 
interessants  de  cette  etude  pourraient  dif ficilement  etre  lances, 

-  les  Atudes  souhaltables  qui  pourraient  permettre  de  dlmlnuer  le  volume 

des  etudes  de  recherche  et  de  dAveloppeoent  d'un  systAme  SATCP  lorsqu'll  sera  lance, 

-  les  Atudes  utiles  qul  amelloreraient  les  eonnaissances  dans  les  doraalnes  des 
systemes  d'armes  et  en  particulier  des  systemes  SATCP. 

Au  total  une  quarantaine  d' Atudes  ont.  ainsi  ete  recommandees  coneernant  : 

-  le  systAme  (moyens  de  prAalerte,  d'ldentiflcatlon,  d'evaluation  des  clbles,  ...) 

-  les  objeotifs  et  leur  environnement  (mesures  de  signatures,  de  bruits  de  paysage,  ...) 

-  l'ergonomle  (detection  visuelle,  poursulte  raanuelle,  systemes  de  visAe, 
poste  de  tir ,  . . . ) 

-  le  missile  (autodlreeteurs  I.R.,  irdomes  pyramidaux,  eomparalson  fine  du  pilotage 
un  axe  en  autorotation  et  du  pilotage  deux  axes  en  twist  and  steer,  fusee  de 
proxlmltA  laser,  optimisation  de  charges  a  Aciats,  poudres  a  grande  vltesse 

de  combustion,  ete...). 

4  CONCLUSIONS 

Cette  etude  illustre  a  notre  avis  le  type  de  demarche  qu'il  est  necessalre  d'entreprendre  avant 
de  lancer  un  programme  et  si,  de  plus,  il  reste  un  lntervaile  de  temps  de  l'ordre  de  deux  ans  ou  plus 
entre  la  fin  d'une  telle  etude  comparative  et  le  laneeraent  du  programme,  les  prlncipales  Atudes 
oompleraentalres  mlses  en  Avidence  pourront  Atre  effectuAes  et  une  seconds  iteration  erfectuAe  sur  ies 
systemes  les  plus  proraetteurs  en  tenant  corapte  des  rAsultats  de  ces  etudes  complementalres  de 
recherche  pourra  etre  effectuee  ;  ainsi  le  decideur  disposera  de  tous  les  elements  lul  perroettant  de 
falre  un  ehoix  optimal  compte  tenu  de  ses  oontraintes. 

Dans  le  cas  des  systemes  SATCP,  l'Atude  decrite  dan3  cet  expose  a  permis  d'orlenter  certains 
grands  cholx  retenus  pour  le  systAme  MISTRAL  dont  le  developpement  a  debute  peu  de  temps  apres,  en 
particulier  : 

-  le  type  de  guldage  (IR)  et  la  senslblllte  necessalre  de  1'autodirecteur, 

-  le  sacrifice  de  1 'epaulablllte  (du  molns  pour  la  version  de  base)  au  profit 
de  l’efflcacite  ce  qul  a  dlcte  le  cholx  du  calibre, 

-  la  forme  de  l’lrdSme, 

-  la  vltesse  d'ejectlon  necessalre, 

-  Les  caracterlstlques  prlncipales  du  systeme  d ' acquisi tion  visuelle  de  la  clble 
(cholx  d'une  lunette  grosslssante ) , 

-  le  type  de  charge  et  de  systeme  de  detection  pour  1 '  in'-tiaLlsation  de  la  raise  a  feu. 
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Figure  3  :  Probability  d'occurence  d’une  visibility  my  teorologique 
supSrieure  3  une  valeur  donnye  -  Region  Centre-Europe 
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Kipuxe  8  :  Systeoes  SAIX^P  de  base  retenus  pour  l ‘evaluation 
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SOME  ASPECTS  Of  GUIDANCE  LOOP  DESICN  FOR  SAM  SYSTEMS 


by 


C.  J.  East 

Royal  Military  College  of  Science 
Sh  rivennam,  Swindon,  Wilts 
United  Kingdom 


SUMMARY 


The  paper  deals  with  the  basic  structure  of  guidance  loops  for  SAM  systems  and  discusses  two  important 
practical  problem  associated  with  their  design  and  inplerasntation  if  optimum  performance  is  to  be  achieved. 
Firstly,  the  nature  of  the  switching  transients  that  occur  when  loop  parameters  are  changed  is  examined 
and  the  fundamental  requirements  for  transient  free  operation  presented.  Secondly,  a  computer  aided  design 
procedure  for  synthesising  a  minimum  bandwidth  system  which  satisfies  a  stringent  sensitivity  specification 
despite  large  uncertainty  in  the  plant  being  controlled  is  illustrated  by  means  of  s  significant  autopilot 
daaign  example . 


NOTATION 


T 

"m 


*1 


T 

V 

K 


mi 'rile  lateral  acceleration  (latax) 

missile  velocity 

target  velocity 

missile  range  from  tracker 

target  range  from  tracker 

angle  of  missile  flight  path  to  line  of  eight 
angle  of  target  flight  path  to  line  of  sight 
angle  of  missile  flight  path  to  earth  reference 
angle  of  line  of  sight  to  earth  reference 
demanded  missile  latax 

angle  subtended  by  missile  to  earth  reference 
angle  subtended  by  target  to  earth  reference 

pre-programmed  gain  variation  corresponding  to  assumed  missile  range 

loop  DC  gain  (beam  stiffness) 

angle  of  target  flight  path  to  earth  reference 

proportional  navigation  constant 

relative  closing  velocity  between  missile  and  target 
time  to  go  to  interception 


I  .  INTRODUCIION 


The  basic  principles  of  guidance  loop  design  for  SAM  systena  are  well  established  and  future  systems 
are  unlikely  to  differ  conceptually  in  any  significant  way  from  previous  systems.  That  is,  the  fundamental 
limitations  of  comnand  to  line  of  sight  (CLOS)  or  beam  riding  guidance  systemo  and  homing  guidance  sys  tens 
remain  the  same  although  the  implementation  of  Such  systems  will  ,  of  course,  be  crucially  dependent  on 
the  current  state  of  hardware  development.  However,  increased  demands  on  sy9ton  performance  have  high¬ 
lighted  deficiencies  in  Che  ability  of  the  guidance  loop  design  and  synthesis  techniques  to  achieve  optimum 
performance  within  these  fundamental  limitations,  where  optimum  can  be  interpreted  in  a  number  of  very 
practical  jnJ  intuitively  meaningful  ways  and  need  not  necessarily  relate  to  the  minimisation  or  maximisa¬ 
tion  of  some  mathematically  defined  performance  index. 


Two  examples  of  deficiencies  in  design  techniques  concern  the  requirement  to  change  parameters  within 
a  guidance  loop  without  generating  undesirable  transients  and  the  need  to  acnieve  minimum  bandwidth  sub¬ 
systems  e.g.  autopilots,  whilst  satisfying  overall  guidance  loop  objectives.  both  of  these  problem  areas 
have  previously  been  tackled  in  a  rather  cii  ho?  manner  and  it  is  the  intention  of  ihis  paper  to  clarify 
the  nature  of  the  problems  and  then  to  indicate  how  steps  may  be  taken  to  overcome  them. 


However,  in  order  that  the  two  design  problems  may  be  seen  in  c.ntexl  and  to  provide  3n  overview  of 
the  basic  guidance  loop  principles  available  to  SAM  designers,  the  first  part  of  this  paper  will  be  largely 
tutorial  in  nature  and  will  compare  CLOS,  beam  riding  and  homing  guidance  loops  and,  in  particular,  the 
kinematic  transfer  functions  of  the  respective  systems  will  be  discussed  and  the  necessary  guidance  loop 
compensation  functions  established. 


—J 
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2.  1VI0  AND  THREE  POINT  GUIDANCE 

Although  CLOS  and  beam  riding  ayacema  cannot  be  implemented  in  exactly  the  tame  manner,  aince  the 
CLOS  misalle  ia  generally  regarded  as  one  that  receives  its  commands  from  a  remote  ground  station  whereas 
the  beam  riding  missile  generates  its  own  commands  internally,  they  are  nevertheless  essentially  the  same 
type  of  system  with  regard  to  the  generation  of  latax  (lateral  acceleration)  commands ,  In  particular, 
the  behaviour  of  the  system  is  governed  by  the  relative  positions  of  three  points,  viz  the  target  tracker 
(which  defines  the  beam  or  line  of  sight),  the  missile  and  the  target.  Accordingly,  CLOS  or  beam  riding 
systems  may  be  designated  as  three  point  guidance  systems. 

Such  systems  should  be  contrasted  with  homing  system!  which  are  essentially  two  point  guidance 
systems,  with  characteristics  determined  by  the  positions  of  the  missile  and  target  only.  Thi9  distinction 
applies  not  Just  to  active  or  passive  homing  systems  but  equally  to  semi-active  systems  since,  although 
cha  Illuminating  radiation  must  necessarily  be  directed  at  the  target,  the  exact  position  of  the  illuminat¬ 
ing  source  does  not  influence  the  desired  trajectory  and  hence  the  latax  demands  on  the  missile.  It 
should  be  noted  that  considsrsble  variations  can  and  do  exist  within  these  two  broad  classifications  of 
cvo  and  three  point  guidance  (e.g.CQLOS  or  coonand  off  the  line  of  sight  systems  can  exhibit  characteristics 
similar  to  a  two  point  guidance  syacem)  but,  for  our  purposes,  chase  two  classifications  will  suffice. 

The  full  derivation  of  the  latax  requirements  for  the  two  types  of  guidance  system  have,  for  most 
relevant  conditions  of  missile  and  target  velocity  and  type  of  guidance  law,  been  presented  elsewhere 
(1,2,3).  However,  these  derivations  can  soon  become  overwhelmingly  complex  if  entirely  realistic  conditions 
are  imposed  and  so  here  we  will  concentrate  on  the  two-dimensional  case  with  the  missile  and  target 
respectively  travelling  at  constant  velocities.  The  jus  tification  for  this  simplification  is  that  our 
objective  is  primarily  to  establish  the  form  only  of  the  required  guidance  loop  and  in  so  doing  to  appreciate 
some  of  the  problems  that  are  likely  to  arise  in  implementing  Such  a  guidance  loop. 

2.1  3-point  guidance  loops 


TRACKER 


Using  the  notation  of 


i  .e  , 


Figure  !:  Notation  for  3-point  guidance 

Fig  lf  and  assuming  zero  incidence,  we  have 

f  -  v  V, 
m  m  f 

lateral  acceleration  -  missile  velocity  x  flight  path 


rate 


also  v  e  ■  0  *  o 
t  m 

therefore  f  »  V  (9  ♦  a_)  (1) 

mm  m 

However,  in  order  to  interpret  this  last  equation  more  easily  wo  musi  expit-ssCT^  in  terms  of  variables 
that  can  be  measured  or  inferred  from  tracker  based  observations,  Thus,  we  have 


f rom  which 

and  dl f feicntiating  this  gives 


Vu  sin  o  V'  sin 
M  ml  i 


V 


..Rw  L  .  vv 

3m  -  °v-  *  ¥  *  Si0  <-  tV 

M  K 

*  VM  C°*  3m 


(2) 


(3) 


also 


(4) 
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H*nc«,  substituting  for  0^  and  R  from  (3)  and  (4)  into  (1).  we  get 

fM  ’  “VM  *  -sb  ~  \  °M  <5> 

Pt 

which  repreaenta  the  latax  needed  by  the  missile  to  stay  on  the  line  of  sight. 

This  equation,  although  so  readily  derived,  is  highly  informative  and  enables  many  useful  qualitative 
observations  to  be  made  with  regard  to  the  coverage  of  a  CLOS  or  beam  riding  missile.  Firstly,  if  the 
missile  is  neither  accelerating  nor  decelerating  (V^  ■  0)  then  the  latax  required  will  be  highly  dependent 
on  both  the  sightline  rate  (S)  and  the  sightline  acceleration  (9).  Although  9  will  clearly  be  a  maximum 
when  9^*  90  (assuming  a  constant  sgeed  straight  flying  target),  9  is  readily  shown  to  be  a  maximum  at 
9  ■  60  ,  to  decay  to  zero  at  8  -  90°,  and  to  be  a  minimum  (i.e.  most  negative)  at  1  •  120°.  Thus,  ignoring 
the  variations  in  and  cos  it  is  clear  that  for  any  given  maximum  latax  that  may  be  acl}ievi»d..by 
the  missile  then  the  coverage  will  be  most  restricted  for  high  speed  targets  (ing>lying  high  8  and  8)  in 
the  sector  8c  [60  ,90°]. 

Another  observation  that  can  be  made  from  equation  (5)  related  to  the  case  when  V„  varies.  If  V„  is 
negative,  such  as  during  the  coast  phase  for  a  boost-coast  propelled  missile,  then  this  too  will  set  limits 
on  the  missile  latax,  thus  further  restricting  the  coverage. 

Further  limitations  on  the  coverage  of  a  CLOS  or  beam  riding  missile  can  result  from  excessive  body 
to  beam  angleCCo^),  causing  the  missile  tracker  to  lose  lock  on  the  beacon  or  flare  or  other  source  of 
identification  used  by  the  missile.  The  region  in  which  oH  will  be  largest  will  generally  be  where  the 
latax  demands  are  greatest  and  so  there  are  likely  to  be  further  "bites"  taken  out  of  the  coverage 
diagram  near  adnimum  crossing  distance.  Another  possible  limitation  is  at  the  tracker  itself  where,  if 
i  is  too  large, .it  may  haws  insufficient  bandwidth  to  follow  the  target.  Obviously,  for  a  straight 
flying  target,  8  will  be  a  maximum  at  8  ■  90°  but  it  wogld  be  unrealistic  to  suppose  that  the  target  could 
be  subsequently  re-acquired  when  6  decreases  for  8  >  90°  and  so  there  will  be  a  further  restriction  in 
coverage,  as  indicated  in  Fig  2  in  the  sector  9c  [90°,  180°].  In  general,  therefore,  the  coverage  diagram 
of  a  CLOS  or  beam  riding  system  will  have  the  form  shown  in  Fig  2  and  it  must  be  accepted  that  the  very 
kinematics  of  this  type  of  3-point  guidance  must  inevitably  result  in  limitations  on  coverage. 


CROSSING 

RANGE 


TRACKER  RATE  LIMIT 


FORWARD  RANGE 


Figure  2:  Typical  Coverage  Diagram  for  CLOS  or  beam  riding  system 

As  well  as  providing  a  qualitative  indication  of  the  nature  of  the  coverage  diagram,  equation  (5)  can 
also  beused  to  imediately  derive  a  kinematic  transfer  function  as  a  basis  for  a  guidance  loop  block 
diagram.  Thus,  from  equations  (2)  and  (4)  we  have 

V  ^ 

Sin  °M  '  —  COS  aM  '  V* 

M  M 

which  may  be  substituted  into  (5)  to  yield  the  transfer  function 

~  - - ! -  (6) 

rM  ((2Vm  -  V^/R,,,)  ♦  (RMVM/RM)S)S 

where  6^  replaces  0  to  emphasise  that  this  is  the  angle  subtended  by  the  missile  (which  will  only  be 
exactly  the  same  as  the  angle  subtended  by  the  target,  from  henceforth  denoted  0^,  if  the  missile  is 
precisely  on  the  bean).  The  missile  kinematics  are  thus  represented  by  a  first  order  lag  and  an  integrator 
in  cascade. 


For  accurate  stability  analysis  and  loop  design  cite  transfer  function  (6)  would  have  to  be  used  with 
appropriate  values  for  V^,  V^,  an"1  substituted  for  a  sufficient  number  of  flight  conditions  within 
the  missile  coverage.  However,  in  order  to  appreciate  the  general  nature  of  the  loop  design  problem 


3a 


we  can  approximate  this  transfer  function  for  the  case  where  V  is  reasonably  constant  (V  *  0) ,  0  is 
small  so  that  V  ^  R^,  and  can  be  considered  sufficiently  large  so  that  for  ail  but  the  lowest  ^ 
frequencies  ; ;  >>  |2V^|  and  the  kinematic  transfer  function  reduces  to 

6m  . 

f  2 

M  V 

The  CLOS  guidance  loop  is  thus  essentially  a  classic  two  integrator  system  and  must  be  stabilised  by  some 
form  of  phase  advance  stabilisation  as  shown  in  Fig  3. 


Figure  3:  Stabil isation  of  a  CLOS  guidance  loop  by  appropriate  shaping  of  the  open  loon  Bode  plot 

It  should  be  noted  that  even  with  this  simplified  version  of  the  kinematics,  there  is  ecill  an  inherent 
range  variation  term  and  this  must  be  accommodated  by  means  of  a  pre-programmed  gain  variation  R^'  within 
the  guidance  conputer  since  otherwise  the  stability  characteristics  of  the  loop  will  change  during  '  the 
flignt  of  the  missile.  Even  so,  it  may  still  be  desirable  to  alter  K  (the  90-called  "beam  stiffness")* 
and  hence  T  and  T2>  during  different  phases  of  the  flight  since  the  need  for  high  gain  K,  and  hence  high 
loop  bandwioth,  for  good  tracking  of  a  moving  target  sightline  nay  compromise  the  overall  accuracy  (and 
ever,  stability)  that  can  be  achieved  when  high  frequency  noise  is  allowed  to  eiilet  the  system- 

This  conflict  of  requirements  on  the  loop  bandwidth  is  common  to  most  high  performance  control  systems 
and  various  methods  have  been  proposed  for  alleviating  the  need  to  excen  bandwidth  more  than  absolutely 

necessary.  One  such  method  is  the  use  of  " feed- forward"  as  shown  in  Fig 
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This  is  essentially  an  open-loop  confutation  based  on  equation  (5)  and  is  fundamentally  an  inverse 
transfer  function  to  the  kinematics. 

Clearly,  if  we  ignore  the  latax  autopilot  of  the  missile,  the  closed  guidance  loop  would  not  be 
required  co  provide  any  additional  comnands  to  the  missile  if  the  feedforward  and  kinematic  blocks  cancel 
exactly  and  so  tea  bandwidth  can  be  made  arbitrarily  small.  In  practice,  of  course,  such  perfect  cancella¬ 
tion  will  not  occur  and  also  the  missile  autopilot  will  have  a  finite  bandwidth  but  feedforward  will, 
nevertheless,  allow  for  a  significant  reduction  in  loop  bandwidth.  However,  it  should  be  stressed  that 
feedforward  introduces  its  own  problems,  most  notably  a  high  gain  to  high  frequencies,  and  this  will  tend 
to  negate  the  advantage  gained  by  reducing  the  loop  bandwidth. 

The  main  point  to  be  emphasised  here  is  that  maximum  performance  can  only  be  obtained  from  CLOS 
guidance  loops  if  loop  bandwidchs  are  reduced  as  much  as  possible,  cotmnens urate  with  tracking  requirements 
and  noise  levels,  and  this  can  be  done  by  enfloying  an  optimum,  i.e.  minimum  bandwidth,  synthesis  technique 
and/or  an  adaptive  scheme  that  switches  the  loop  gain  K,  together  with  Tj  and  T^,  on  a  pre-progrataned  or 
even  autonomous  basis.  Sections  3  and  4  will  deal  more  fully  with  these  techniques  but  meanwhile,  in 
order  to  complete  the  tucorial  objectives  of  this  paper,  the  next  sub-section  will  briefly  deal  with  2- 
point  or  honing  guidance  loops. 

2.2  2-point  guidance  loops 

The  analytical  derivation  of  the  latax  requirements  for  homing  systems  is  generally  not  possible 
and  consequently  the  corresponding  kinematic  transfer  functions  can  only  be  derived  in  special  circum¬ 
stances  [4,5,6],  However,  if  vre  assume  that  proportional  navigation  is  being  employed,  wherein  the  missile 
flight  path  race  is  made  proportional  to  the  sightline  rate  between  missile  and  target,  and  that  the  missile 
has  become  established  on  an  interception  course  from  which  it  is  subjected  only  to  cotsparatively  small 
perturbations  then  it  is  readily  shown  [3]  that  the  corresponding  homing  guidance  loop  block  diagram  has 
che  form  shown  in  Fig  5. 
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Figure  5;  A  homing  guidance  loop 

In  this  case,  the  kinematic  transfer  function  has  the  form  cos  v^/S  and  so  the  loop  frequency  response 
is  clearly  dominated  by  a  9ingle  integrator  if  the  autopiLot  and  homing  head  bandvidths  are  sufficiently 
large.  It  is  seen,  therefore,  that  loop  stability  is  not  likely  to  be  a  problem,  at  least  until  near 
interception  when  l/V  (1‘  -  t)  -*■  •»,  and  so  it  i9  not  necessary  to  use  phase  advance  condensation  with 
the  concomitant  increase  in  bandwidth  and  associated  noise  atrpli f ication  problems.  However,  it  is  still 
highly  desirable  to  keep  the  homing  guidance  loop  bandwidth  as  small  as  possible  and  so  optimum  synthesis 
techniques  are  again  called  for.  It  is  also  possible  that  the  control  parameters  of  the  loop,  such  as 
the  navigation  constant,  will  need  to  be  changed  during  different  phases  of  the  flight  and  so  adaptive 
switching  techniques  will  be  required.  Accordingly,  section  3  will  consider  some  of  the  fundamental 
problems  associated  with  Lhe  switching  of  parameters  within  a  closed  loop  system  and  section  will 
discuss  an  optimum  or  minimum  loop  bandwidth  synthesis  technique. 

3.  the  elimination  of  switching  transients  in  adaptive  guidance  loops 

We  saw  in  section  Z.  I  Chat  the  simplest  representation  of  a  CLOS  guidance  loop  consists  of  two 

■  ♦  TjS 

integrators,  representing  the  kinematics,  and  a  compensation  network  of  the  form  K  (— — -  ~  ~"8 )  •  It  is  easy 

to  envisage  circumstances  in  which  it  might  be  desirable  to  change  the  loop  bandwidth  by  altering  K.  For 
example,  during  the  gathering  phase,  or  whilst  engaging  a  high  speed  crossing  target,  a  high  beam  stiffness 
K  would  be  required  but  once  the  missile  is  established  on  a  low  rate  line  of  sight,  particularly  if  the 
guidance  loop  is  subject  to  high  levels  of  noise,  it  would  be  preferable  to  reduce  K  as  much  as  possible. 


Typically,  we  might  viah  to  twitch  K  between  two  fixed  values  of,  say,  t  and  10;  of  course,  in  order  to 
maintain  the  desired  degree  of  stability  the  time  constants  T|,  must  alto  be  altered  in  synpachy  with 
K  and  it  is  readily  confirmed  that  the  following  condensation  networks  give  satisfactory  stability  margins 


.  ,  I  ♦  2s  , 

*  (l  ♦  0.2s 


,1  *  0.625a 


low  gain  high  gain 

condensation  network  condensation  network 

In  order  to  facilitate  the  extension  of  the  results  from  this  particular  example  to  more  complex  cases  it 
is  convenient  to  adopt  the  following  reprsentation  for  the  condensation  network,  namely: 

a  +  a  .s 

-r — -  where  K  -  a  /b  ,  T.  -  a. /a  ,  T,  -  1/b 

b+s  oo  l  I  o  2  o 

o 

This  network,  together  with  the  two  integrators  representing  the  remainder  of  the  simplified  CLOS  guidance 
loop,  can  be  decomposed  into  a  form  suitable  for  simulation,  as  shown  in  Fig  6(a).  It  should  be  noted 
that,  at  this  stage,  no  particular  consideration  has  been  given  to  the  structure  of  the  compensation  net¬ 
work  and  another  possibility  is  that  shown  in  Fig  6(b).  Indeed,  for  a  linear  system  with  aonatant 
coefficients  (aQ,  a(,  bQ) ,  there  are  many  possible  structures  and  all  are  equally  valid. 


(b)  STRUCTURE  2 


Figure  6:  Alternative  representations  of  the  CLOS  system  mathematical  model 

Both  of  the  structures  shown  in  Fig  6  were  simulated,  taking  dj  as  a  step  input  (9^  *  I,  t  >  0)  and  with 
the  low  gain  compensating  network  initially  in  the  loop.  After  2.5  seconds  the  coefficients  of  the 
compensation  network  were  instantaneously  switched  to  those  corresponding  to  the  high  gain  condensation 
network  with  the  results  shown  in  Fig  7. 

Clearly,  the  transient  produced  when  the  network  coefficients  of  structure  I  are  switched  (hence¬ 
forth  referred  to  as  the  "switching  transient")  is  not  at  all  consistent  with  the  desired  objective  in 
changing  to  a  high  bandwidth  system;  namely  to  make  0^  approach  0^,  even  more  rapidly  than  was  being 
achieved  with  the  low  bandwidth  system.  Furthermore,4 a  transient  occurring  near  interception  could  have 
a  most  deleterious  eifect  on  miss-distance  and  i f  no  guarantee  could  be  made  that  such  transients  could 
be  minimised  or  suppressed  corrpletely  then  there  would  be  no  possibility  of  employing  adaptive  networks 
in  a  missile  guidance  loop. 


(a)  STRUCTURE  1 


(b)  STRUCTURE  2 


Figure  7:  Results  obtained  when  switching  network,  coefficients 

On  the  other  hand,  Che  behaviour  of  structure  2  i9  quite  acceptable  and  should,  therefore,  provide 
•one  Insight  into  the  mechanics  of  the  switching  transient  when  compared  with  structure  I.  Such  indeed 
ll  the  case  and  the  development  and  motivation  behind  the  results  which  follow  can  be  found  in  i  7  J .  in 
which  it  is  shown  that  a  transient  free  structure  for  the  compensation  network  used  above  must  take  the 
form  shown  in  Fig  8. 


Figure  8:  A  transient  free  structure  for  the  network  (a^  ♦  3jS>/(bo  ♦  s) 

Tli»  two  fundamental  principles  behind  this  structure  are  that: 

i.  Switched  parameters  should  occur  after  differentiators  in  order  to  avoid  transients  of  the  form 
e^a  J  (see  Fig  10) . 

ti,  Switched  parameters  should  occur  before  integrators  in  order  to  avoid  transients  of  the  form 

0  b  'd  . 
o  (  o 

Uni >rtunately ,  the  structure  shown  in  Fig  8  is  not  readily  implemented  in  practice  since  it  involves  an 
explicit  dl  f  fn  rent  i  ator .  Nevertheless,  the  terra  in  s  can  be  eliminated  if  it  can  be  replaced  by  a 
feedforward  path  bypassing  the  integrator,  an  equivalent  way  of  achieving  differentiation  and  indeed  the 
msthod  used  In  all  practical  implementations  of  rational  transfer  functions.  However,  if  this  method 
(s  applied  directly  to  the  network  structure  in  Fig  8  it  is  seen  that  the  s  term  is  not  eliminated  since 
the  coefficient  a  interposes  between  the  differentiator  and  the  integrator  in  the  feedforward  path  and 
prevents  cancellation  (Fig  9). 


Figure  9:  Re-arrangement  of  Figure  8 


Clearly,  some  method  for  transferring  coefficients  from  one  side  of  a  differentiator  (or  integrator) 
to  the  other  is  requited  if  flexibility  in  the  implementation  of  the  desired  network  structure  is  to  be 
obtained.  This  can  be  done  only  if  due  allowance  is  made  for  the  extraneous  transient  terms  that  can 
arise  when  dealing  with  time  varying  coefficients.  For  example,  the  network  shown  in  Fig  10(a)  is  not 
equivalent  to  that  shown  in  Fig  10(b)  (if  the  coefficient  a  is  time  varying)  but  it  is  equivalent  to  that 
shown  in  Fig  10(c). 


V  08, 


Figure  10:  A  differentiator  with  time  varying  coefficient  a 

Thus,  the  coefficient  a  can  be  moved  from  the  output  of  the  di f fe rent iacor  to  the  input  provided  an  extra 
path,  bypassing  the  differentiator  and  operative  only  when  the  coefficient  a  is  changing,  is  included. 
Hence  the  structure  of  Fig  9  can  be  sin^lified  as  shown  in  Fig  11,  the  differentiator  and  integrator  in 
the  feedforward  path  now  being  allowed  to  cancel. 


Figure  II:  A  practical  implementation  of  the  transient 
free  structure  for  rhe  network  (aQ  ♦  a^/fb^  ♦  9) 

Now  it  is  possible,  by  adhering  to  the  principles  developed  above,  to  construct  any  network  with 
time  varying  coefficients  in  such  a  way  that  extraneous  transient  terras  are  eliminated.  However,  such  an 
ad-hoc  approach  would  be  very  tedious  with  high  order  networks  and  a  more  general  procedure  can  be 
followed  that  allows  rhe  necessary  network  structure  to  be  deduced  directly  from  the  given  time-varying 
coefficient  transfer  function  [7],  For  example,  the  practical  transient  free  structure  for  a  third 
order  network  is  shown  in  Fig  12  and  it  is  of  interest  to  note  that  the  coefficients  of  the  practical 
network  are  related  to  the  coefficients  and  their  derivatives  of  the  original  network  by  means  of  a 
Pascal  triangle  with  alternating  signs. 

Having  shown  how  the  guidance  loop  bandwidth  may  be  adjusted  by  switching  parameters,  it  is  now 
appropriate  to  consider  how  an  optimum  bandwidth  can  be  achieved  using  a  fixed  set  of  compensation  network 
paranie  ters . 

A.  OPTIMUM  SYNTHESIS  OF  AUTOPILOTS  AND  GUIDANCE  LOOPS 

It  is  important  to  stress  that  feedback,  whether  applied  co  the  implementation  of  guidance  loops, 
autopilots  or  the  multitude  of  oth<.r  closed  loop  systems  that  occur  within  a  guided  weapon  system,  is 
used  essentially  to  combat  uncertainty.  This  uncertainty  may  be  due  in  a  lack  of  knowledge  about  the 
plant  being  controlled,  e.g.  the  missile  airframe  dynamics  will  be  dependent  on  speed  and  air  density, 
or  about  the  disturbances  affecting  the  plant,  e.g.  atmospheric  turbulence.  Although  this  aspect  of 
feedback  is  universally  recognised,  surprisingly  litile  work  has  been  done  in  developing  synthesis 
techniques  that  attempt  to  quantify  the  amount  of  uncertainty  and  then  to  design  just  sufficient  feedback 
into  the  system  to  counter  the  uncertainty  and  achieve  specified  levels  of  insensitivity  in  the  closed 
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Figure  12:  A  practical  inq> lemenca t Lon  of  the  tranalent 

2  2  2 

free  atructure  for  the  network  (aQ  ♦  a(«  ♦  *2*  ) / ( ♦  bj*  ♦  »  ) 


loop  response.  The  reason  for  this  concern  with  applying  a  minimum  amount  of  feedback  is  that  it  is  very 
easy  to  overdesign  feedback  systems  by  including  too  much  loop  gain,  which  in  turn  iiplles  high  loop 
bandwidth  and  excessive  angilificatiouof  high  frequency  noise.  The  problem  has  been  eng>hasised  repeatedly 
by  Horowitz  and  others  (8,9,101  and  Horowitz  first  demonstrated  his  synthesis  approach  in  1959  19J; 
unfortunately,  the  original  Horowitz  technique  relied  heavily  on  designer  involvement  at  a  fairly  routine 
level  and  by  its  nature  was  not  easily  adapted  to  Conputer  Aided  Design  (CAD)  proced'  >  hen  the  digital 
compucer  became  widely  available  as  a  design  tool  in  the  1960s.  Since  then,  the  t<  c  has  been 

modified,  both  by  Horowitz  and  his  colleagues  (II]  and  othsr*  112,13]  and  the  rem  cf  this  pspsr  will 

illustrate  the  application  of  one  of  these  modified  techniques  by  means  of  a  CAD  'uro  applied  to  an 

autopilot  design.  It  should  be  noted,  however,  that  since  the  technique  is  quite  il,  it  is  equally 

applicable  to  the  design  of  any  feedback  control  device  within  the  guided  weapon  ,  whether  it  be  one 

of  the  innermost  actuator  servo  loops  or  the  outermost  guidance  loop  itself. 

The  theoretical  basis  of  the  synthesis  procedure  is  now  briefly  explained  although  further  details 
ran  he  obtained  from  the  references  (  13,14].  Using  the  notation  of  the  xeneral  tvo-degree-o  (-freedom 
feedback  system  shown  in  Fig  13,  it  is  readily  verified  that 


s  I*  -  i 

_N  P _ _ 

S'  ’  1  ♦  ln 


where  the  suffix  N  denotes  the  closed  loop  transfer  function  S,  the  plant  transfer  function  P  and  tne  loop 
transfer  function  L  when  the  plant  parameters  take  on  their  nominal  values,  which  for  Lhe  present  time  can 
be  assumed  to  be  arbitrarily  fixed  within  the  range  of  possible  parameter  values.  In  fact,  equation  (7) 
is  a  sensitivity  measure  that  relates  variations  in  the  closed  loop  system  S,  about  its  nominal  condition 
5^,  to  variations  in  the  planr  T,  about  its  nominal  condition  P^..  Thus,  at  each  frequency  of  interest, 
and  P^./P(j-j)  map  out  regions  or  plots  in  the  complex  plane  which  represent  the  total  amount  of 
the  variation  inthe  closed  loop  system  S  and  the  plant  P  respectively  about  the  point  I  ♦  jO  as  the 
parameters  of  P  vary. 


L  •  02  P 


Figure  13:  A  two-degree-of-  freedom  feedback  system 


By  caking  Che  maximum  value  (vich  respecc  Co  che  variable  parameters  of  P)  of  Che  taodulua  of  (7)  we 


have 


S, 


PM 

•a*|^2(jw)  -  I | 

1 1  ♦  yj«>  i 


and  ic  can  be  shown  [131  chac  an  optimum  loop  design  (defined  as  the  owe  that  satiafiea  the  closed  loop 
sensitivity  specification  with  che  minimum  h.f.  loop  gain  for  a  given  excess  of  poles  Co  zeros  in  Che  - 
loop  transfer  funccion,  i.e.  essentially  a  minimum  bandwidth  loop)  resales  when  and  P„  are  chosen  Co 
lie  wichin  Che  centre  of  their  respective  plots  at  each  frequency.  Is  this  case  max|S„/S  -  1|  can  be 
expressed  analytically  in  terms  of  the  Fourier  transforms  of  the  bounds  aft)  and  b(t)  placed  on  the 
desired  systen  time  response  (Fig  14),  as 


max 


This  will  ensure  that,  on  average,  variations  in  c(t)  about  the  aeaoaft)  mill  bo  loss  than  v(t). 


In  general  it  is  not  possible  to  deduce  nex[PN/P  -  l|  analytically  and  normally  it  will  be  necessary 
to  construct  a  separate  PN/P  plot  at  each  frequency.  This  indeed,  is  the  approach  adopted  in  the  design 
example. 

Finally,  having  defined  max|SN/S  -  l|  and  raax|P../P  -  l|  at  each  frequency  of  interest,  Ljjljw)  must 
be  chosen  to  satisfy  |l  ♦  1^,1  “  max|PN/P  -  l|/max|SN/S  -  l|.  This  effectively  defines  a  circular  bound 
on  L^(ju),  centred  on  the  I  ♦  jO  point,  and  allows  a  particularly  strai^stforward  iterative  application 
of  tne  Bode  integrals  relating  the  gain  and  phase  of  a  minimum  phase  shift  system  [  141. 

He  can  now  proceed  with  an  application  of  this  CAD  synthesis  technique.  The  data  used  for  the  design 
example  actually  relates  to  a  high  performance  aircraft  but  the  ranges  of  parameter  variation  and  the 
sensitivity  specification  placed  on  the  autopilot  closed  loop  response  axe  equally  typical  of  a  SAM  missile 
being  boosted  from  launch  up  to  supersonic  speeds.  The  airframe  transfer  function  is  represented  as 


P(s) 


<■  *  y> 


"p  ,2 

p  u 


where,  due  to  altitude  and  speed  changes,  the  parameters  can  vary  as  shown  in  the  table  below: 


K 

P 

0. 1066 

0.312 

0.262 

0.0583 

0.0223 

0.0198 

0.0199 

0.362 

1.950 

3.42 

2.03 

2.97 

T 

P 

8.  13 

3.55 

4.85 

1  1 . 36 

2  7.32 

54. 35 

38.68 

3.08 

0.48 

0.51 

1 .05 

0.86 

<*) 

P 

1.988 

2.972 

2 .769 

2.631 

1.919 

1.203 

1.859 

4.327 

7.492 

4.915 

2.571 

2.550 

S 

0.  131 

0.  150 

0.135 

0.040 

0.021 

0.016 

0.015 

0.075 

0.332 

0.470 

0.367 

0.436 

(derived  from  Ostgaard,  et  al  1962  [15]) 


It  is  clear  from  inspection  of  the  table  that  the  plant  undergoes  considerable  parameter  variations.  In 
particular,  the  h.f.  gain  (proportional  to  K  T  w  varies  by  31  dB  and,  for  most  conditions,  the  response 
is  dominated  by  a  very  underdamped  pole  pair?  p  p 
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Detsrmination  of  nux|SN/S  -  ij 


In  earn*  of  bounda  on  let  time  response  (Fig  14),  che  iituHd  system  epecif ication  may  be  Interpreted 
ei  requiring 


A(j-) 


I 

ju(  1  ♦  T  jw) ' 


B(  ju») 


i  ♦  c.(J£) 

I  u; 

o 


Mi  *  C,(^)  ♦ 


whore  t  ■  1.3,  C(  •  2.5,  C,  •  2,  w  »  0.5. 
Fron  cheee  expressions 


le  readily  determined  ee  a  function  of  frequency. 
Determination  of  m*x|PN/P  -  l| 


Because  che  coefficient*  of  P(e)  ere  highly  correleced  chare  i*  no  simple  method  of  eetebllehing 
a*x|PN/P  -  l{.  The  approach  adopcad  here  i*  to  find,  by  computer  eeerch,  the  condition*  corra*ponding  to 
m*x|l7P|  end  rain  J I  /P  |  for  a  ftu  frequencie*  in  the  range  of  intereet  (in  practice  12  dlicrete  frequencie* 
in  the  range  0.01  rad  to  100  rad  «"'  vara  u*ed),  to  aaaign  the  nominal  P^  *uch  that  I/P,,  lie*  midway 
between  the  tvo  extrema  point*  at  each  frequency  (l.a.  the  optimum  centra)  nominal  condition),  and  then 
to  fit  a  model  to  theaa  point*  which  can  be  u*ad  to  determine  maxlP^/P  -  1 1  at  any  frequency.  The  approach 
*ava*  considerable  time  cohered  with  determining  the  central  nominal  at  each  frequency  (which  for  irregular 
PM/P  plot  (hape*  would  usually  need  co  be  done  by  manual  inapaction)  and  provide*  a  good  approximation  to 
the  true  central  nominal,  The  nominal  value*  found  by  thi*  method  were  til  •  0.04,  T.  a  29.4,  u  a  1.6, 
t.  -  0.4,  N  *N  N 

'  N 

Determination  of  the  optimum 


Before  proceeding  with  the  datarminaclon  of  the  overall  nominal  loop  reiponte  L.,  another  part  of 
the  eyetem  deelgn  epecl ficatlon  mult  be  conaidered,  namely  the  reeponee  of  the  mieaile  airframe  to 
dleturbance* .  Thi*  1*  became  the  optimum  L  detlgn  mu*t  fell  orr  a*  rapidly  a*  poailble  at  h.f.  and 
thi*  will  nec*e*arlly  erode  (tability  margin".  Such  eroelon  will  not  affect  the  reipome  of  the  ayitem 
to  input  demand*  *incr  the**  will  pa«*  through  th*  pre-filter  C|t  but  input*  entering  the  loop  directly 
(e.g.  guet  disturbance*)  could  excite  unacceptable  transient*.  For  thi*  reason  minimum  stability  margin* 
must  be  specified.  In  th*  present  exarpla  w*  will  assume  a  tpecl  fi  cation  vhlch  require*  that  "guet 
disturbance*  will  be  daq>*d  to  lee*  than  one-fourth  amplitude  in  one  cycle".  On  a  Nichols  chart  thla  1* 
equivalent  to  ensuring  chat  L^tjui)  lias  outside  th*  dotted  region  surrounding  th*  OdB,  -180’  point  (Fig  15). 
Th*  length  of  the  vertical  section  of  thla  "disturbance  boundary"  is  equal  to  che  maximum  increase  in 
h.f.  gain  of  P(Jw)  from  it*  nominal  value  (25dS). 

Th*  synthesis  of  L^Cju)  may  nov  proceed  and  is  conveniently  split  into  tvo  part*.  Firstly,  th* 
choice  of  Ly(Jw)  at  low  and  mid  frequencie*  where  the  resulting  optimum  L^Cju)  must  sit  on  thu  L, 
boundaries  (defined  by  |l  ♦  |  •  max|PN/P  -  I  |  /  ma  x  |  B  N  /  S  -  ij)  at  each  fraquancy  and  also  satisfy  th* 

disturbance  boundary  (Fig  15  -  upper).  Secondly,  the  h.f.  design  must  ensure  that  |L^(Jw)  |  fall*  off  a* 

rapidly  a*  possible  for  a  given  exce**  of  pole*  to  zero*  ctsken  a*  4  in  thi*  exauple)  whilst  alio 
letllfylng  th*  disturbance  boundary  (Fig  15  -  lower). 

The  If-mf  deelgn  le  carried  out  using  iteration  on  numerical  repraaantat  Lone  of  the  Bods  tncagrala 
LI4,I6]  and  la  saan  co  ha  optimum  lines  L„(ju.)  just  ait*  on  its  respective  boundaries  at  each  fraquancy 
I  II]  (the  I.N  boundaries  are  shown  in  Fig  15  maraly  to  i’luatrsts  thla  i  their  construction  la  not 
mandatory  as  it  la  with  other  optimum  loon  aynthiali  methods), 

At  high  Irequendea  tha  LN ( juj )  ie  fitted  by  trial  and  rrror  method*  (Fig  15  -  lower)  but  thla  la 

straightforward  since  the  only  requlratmnc  la  to  avoid  th*  disturbance  boundary  vl  th  the  minimum  of  over- 

deatgn.  Th*  overall  (a  checked  using  th#  Bode  integral  program  tj  enaurt  that  no  change  haa 

occurred  in  the  low  and  middle  fraquancy  region. 

Impleirmnting  c;  j  ( jui )  and  ('^(M 


Ihe  optimum  •  L^/I’^  mua  t ,  of  enurae,  be  implemented  by  »  rational  tranalor  function  and  the 
result  of  fitting 


80(  I  ♦  i)  ‘ 


1  *  0.007' ( '  *  s' ( 1  *  400 


Id  e-4) 
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to  the  i  rue  optimum  Is  shown  In  Fig  16. 
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Figure  16:  Comparlaon  of  [C^l  for  the  current  (optimum) 
design  and  the  original  dealgn  (Horowitz  [17]) 


Aleo  shown  ie  the  original  C2  (Horowitz  [I7])f  which  repraaanta  the  firat  attempt  at  an  optimal  autopilot 
dealgn  for  the  same  plant  variation  data  and  ayatem  daaign  specification  uaad  above.  It  should  be  atraaaed 
that  In  C  l  7 ]  Horowitz  waa  concemad  primarily  with  drawing  attention  to  the  ef fectlveneaa  of  peaeive 
(l.e.  fixed  condensation  network)  adaption  in  extreme  caaea  of  plant  variation  end  the  original  Gj  wee, 
perforce,  deeigned  largely  ualng  trial  and  error  techniquee. 


Finally,  G.  •  S„  (I  ♦  L,)/LN  la  obtained.  In  thia  caac  Cj  haa  an  axcaaa  of  zeroe  to  polee  and  eo 
ite  exact  practical  lagilemenCation  using  the  structure  shown  in  Pig  II  is  not  possible.  However,  it  is 
possible  to  construct  a  realisable  approximation  to  C|  which  is  valid  for  all  but  tha  highest  frequencies 
and  this  is  given  by 


(0.65) 


A  simulation  using  the  above  Cj  and  G,  was  carried  out  for  all  sets  of  the  plant  parameters  end  in 
ell  cases  the  responses  satisfied  the  specification,  albeit  only  marginally  in  some  cases,  but  this  is 
to  be  expected  from  an  optimum  design.  For  example,  two  typical  sets  of  responses  are  shown  in  Fig  17 
and  it  is  seen  thet  the  step  response  specification  (requiring  thee  on  average  the  variations  in  c(t) 
sbout  the  mean  should  be  less  than  V(t)  *  (b(t)  -  a(t))/2)  has  been  met,  as  too  has  the  disturbance 
response. 
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System  step  responses  Loop  disturbance  responses 

Figure  17:  IWo  typical  sets  of  responses  of  the  optimum  design  ® 

The  synthesis  procedure  outlined  in  this  section  represents  one  approach  to  the  problem  of 
"robust"  system  design,  an  area  of  control  engineering  that  has  only  conpa  rat  i  ve  ly  recently  received 
much  attention  from  the  control  fraternity.  Its  chief  advantage  lies  in  its  use  of  frequency  response 
ideas  and  is  therefore  accessible  to  the  engineer  with  a  classical  control  background.  Furthermore, 
it  is  highly  transparent  in  revealing  where  tradeoffs  may  be  made  between  bandwidth  (and  what  that 
implies  in  terms  of  the  size  and  power  requirements  of  actuators  etc)  and  sensitivity  specifications 

and  is  thus  an  ideal  tool  for  use  in  parametric  studies  on  SAM  systems.  ® 
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5.  CONCLUDING  REMARKS 

We  have  discussed  the  general  structure  of  guidance  loops  for  SAM  systems  and  have  considered  tvo 
important  design  problems  associated  with  their  injjlementa cion . 

Firstly,  the  importance  of  structure  and  the  necessity  to  include  additional  signal  paths  when 
implementing  networks  with  switchable  parameters  has  been  enphasised  if  transients  are  to  be  eliminated 
from  the  guidance  loop  itself. 

Secondly,  a  CAD  technique  for  synthesising  optimum  or  minimum  bandwidth  closed  loop  systems  has 
been  illustrated  by  means  of  a  significant  design  exarple. 

Both  topics  are  essentially  concerned  with  optimising  performance  in  a  very  practical  sense  and 
the  solutions  proposed  are  applicable  to  a  wide  range  of  situations  that  are  encountered  in  SAM  system 
design . 

6.  REFERENCES 

[  I]  Heap,  E.,  "Methodology  of  Research  into  Conmand-line-of-sight  and  Homing  Guidance",  AGARJ)  Lecture 
Series  No  52  on  Guidance  and  Control  of  Tactical  Missiles,  1972. 

[  2]  Hofmann,  W. ,  and  D.  Joog ,  "Missile  Guidance  Techniques",  AGARD  Lecture  Series  No  101  on  Guidance 
and  Control  for  Tactical  Guided  Weapons  with  emphasis  on  Simulation  and  Testing. 

[  3]  Gamell,  P.,  and  D.J,  East,  "Guided  Weapon  Control  Systems",  Pergamon  Press,  Oxford,  1977. 

C  4]  Comford,  E.C.  and  R,W.  Bain,  "The  kinematics  of  proportional  navigation  courses  for  a  missile 

with  a  time  lag".  Royal  Aircraft  Establishment  Tech  Note  No  GW  85,  1950. 

[  5]  Bain,  R.W.  and  F.E.  Trebble,  "Proportional  navigation  for  a  missile  with  a  quadratic  time  lag". 

Royal  Aircraft  Establishment  Tech  Note  No  CW  307,  1954. 

[  6J  Bain,  R.W. ,  "The  analysis  of  linear  homing  navigation  systems",  Royal  Aircraft  Establishment  Tech 
Note  No  GW  427,  1956. 

C  7]  East,  D.J.,  "The  elimination  of  transients  in  adaptive  networks",  Royal  "ilicary  College  of 
Science  Tech  Note  E/76/' I,  1976. 

[  flj  Horowitz,  I.M.,  "Synthesis  of  Feedback  Systems",  Academic  Press,  1963. 

[  9]  Horowitz,  l.M. ,  "Fundamental  theory  of  automatic  linear  feedback  control  systems",  Trans  IRE 

Automatic  Control,  _3.  5-19  ,  1959. 

[10]  Horowitz,  l.M.  and  U.  Shaked,  "Superiority  of  transfer  function  over  state  variable  methods  in 
linear  time-invariant  feedback  system  design",  IEEE  Trans  Automatic  Control,  £0,  64-97,  1975* 

L  1  1 J  Horowitz,  I.M.,  and  M.  Si.di,  "Synthesis  of  feedback  systems  with  large  plant  ignorance  for 
prescribed  time  domain  tolerances",  Int.  J.  Control,  16,  287-309,  1972. 

[12]  Ashworth,  M.J.,  and  D.R.  Towill,  "Realisation  of  plant  sensitivity  specifications  via  multi-loop 
feedback  compensation",  IFAC  Syitposium  on  Computer  Aided  Design  of  Control  Systems,  Zurich,  1979. 

L  1 3  J  East,  D.J.,  "A  new  approach  to  optimum  luup  synthesis",  Int.  J.  Control,  _3£,  73J-743,  !  99 ! . 

[  14]  East,  D..J.,  "A  CAD  procedure  for  optimum  loop  synthesis",  Royal  Military  College  of  Science  Tech 

Report  No  RT  146/83,  1983. 

C  1 5 3  Ostgaatd,  M.A.,  et  al,  "The  case  for  adaptive  controls",  AGARD  Flight  Mechanics  Panel,  Paris, 

1962. 

[161  Cera,  A.,  and  l.M.  Horowitz,  "Optimisation  of  the  loop  transfer  function",  Int.  J.  Control,  31, 

3  89  -  39  8,  I960. 

[I7J  Horowitz,  l.M. ,  "Linear-adaptive  flight  control  for  re-entry  vehicles",  IEEE  Trans.  Automatic  Control, 
9,  90-97,  1964. 


l 


Controller,  Her  Majesty's  Stationery  Office,  London,  1984, 


TERMINAL  CONTROL  FOR 
COMMAND  TO  LINE  OF  SIGHT  GUIDED  MISSILE 

by 

Jean-Loup  DURIEUX 
CETA 

28  rue  de  B61at 
16000  ANGOULEME 
France 


SUMMARY 


This  paper  deals  with  the  implementation  of  terminal  control  guidance  laws  on 
line-of-sight,  radio-commanded  missiles.  Specific  problems  examined  include  :  range¬ 
finding  accuracy,  effects  of  tracker  filtering,  and  switching  from  stationary  to  terminal 
controller.  Performance  is  compared  with  active  homing  guidance  for  the  case  of  medium- 
range,  surface-to-air  missiles.  The  parameters  compared  are  :  missile  path  curvature,  agi¬ 
lity,  and  effects  of  sensor  noise.  Both  conventional  and  optimal  control  laws  are  consi¬ 
dered  . 

INTRODUCTION 


The  main  differences  between  radio-commanded  missiles,  referred  to  hereafter 
simply  as  'command  missiles',  and  homing  guidance  types  are  well  known.  First,  assuming 
continuous  tracker-missile-target  alignment,  command  systems  are  generally  considered  to 
have  a  less  favorable  path  in  the  case  of  lgng-range  applications  against  high-altitude 
targets.  Moreover,  the  fact  that  the  seeker  of  a  homing  missile  is  on  ths  missile  itself 
means  reduced  influence  of  range  dependent  noise  hence  improved  accuracy  against  long- 
range  targets.  However,  various  other  considerations  must  ba  taken  into  account  Including 
protection  against  jamming,  low-altitude  efficiency,  and  ease  of  operation.  The  agility 
of  the  respective  systems  is  also  frequently  compared.  It  is  often  claimed,  for  Instance, 
that  homing  missiles  are  more  accurate  against  maneuvering  targets  because  the  response 
time  of  homing  guidance  terminal  control  is  better  than  that  of  the  command  guidance  sta¬ 
tionary  control.  However  —  and  this  is  the  central  theme  of  this  paper  —  if  aissile-to- 
target  range  is  measured,  terminal  control  can  be  used  for  command  systems  so  that  this 
difference  disappears. 

The  paper  is  organized  as  follows.  First,  the  basic  statements  of  optimal  termi¬ 
nal  control  are  reviewed.  Then  section  two  looks  at  the  ways  in  which  terminal  control 
can  be  used  in  command  guidance  systems,  and  specific  constraints.  In  the  third  section, 
the  accuracy  of  homing  and  command  systems,  using  both  conventional  and  optimal  control 
laws  in  the  two  cases  are  compared  in  the  case  where  sensor  noise  is  limited  to  thermal 
noise . 


Note  that  the  flight  paths  considered  here  for  command  systems  are  all  characte¬ 
rized  by  alignment,  irrespective  of  whether  the  control  law  is  stationary  or  terminal. 

This  requirement  is  imposed  by  the  fact  that  a  common  tracker  beam  is  used  for  both  target 
and  missile.  A  terminal  guidance  law  is  termed  'conventional'  if  it  corresponds  to  classi¬ 
cal  proportional  navigation  )  it  is  further  termed  'absolute'  if  guidance  is  by  homing,  or 
"relative"  if  guidance  is  by  command. 

1 .  OPTIMAL  TERMINAL  CONTROL  :  BASIC  STATEMENTS 

The  optimal  control  law  for  the  terminal  guidance  of  a  missile  includes  an  esti¬ 
mator  of  the  instantaneous  state  variables  of  both  the  missile  and  the  target.  This  is 
connected  to  an  optimal  deterministic  controller.  The  law  yields  the  minimal  missile- 
target  miss  distance. 


If  the  model  of  the  missile  and  target  is  linearized  and  if  the  performance  index 
is  a  linear  quadratic  gaussian  (LQG),  then  the  certainty  equivalence  principle  is  valid 
and  the  estimator  and  controller  can  be  dealt  with  separately. 

The  statistical  definition  of  sensor  noise  and  target  maneuvers  is  then  required 
solely  for  the  computation  of  the  maximum  likelihood  estimates  (Kalman  filters). 


The  optimal  controller,  which  drives  a  commanded  acceleration  via  an  autopilot, 
is  computed  to  minimize  a  performance  index,  J,  of  the  form  : 


J 


E 


(y(tf!2  ♦ 


a  2 ( t )  dt) 

C  ' 


(1 ) 


where  :  t  intercept  time,  y(tr)  miss  distance,  a  commanded  acceleration,  p  weighting 
r  r  c 

factor  (penalty  on  commanded  acceleration). 


or 


J 


dt 


(2) 


with  y(t^)  assigned  the  value  of  exactly  zero,  rather  than  being  approximated  to  zero. 
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Bryson  and  Ho  (s)  have  shown  that  the  solution  to  Eq . 2  is  : 

a  »-a  ( t )  z  ( t )  (3) 

c 

where  z(t)  i3  the  miss  distance  ,  called  the  zero  effort  misa  (ZEN).  This  is  obtained  by 
setting  a^  -  0  at  time  t.  The  variable  gain,  a(t),  then  tends  to  infinity  as  t  approaches 

t^.  When  0  m  0  the  solutions  to  Eq . 1  and  Eq.2  are  the  same. 

An  interesting  point  concerning  the  law  defined  by  Eq . 3  is  that  the  miss  distan¬ 
ce  value  and  the  miss  distance  estimate  are  the  same  for  stationary  noise  and  an  asympto¬ 
tic  filter.  This,  in  turn,  clearly  demonstrates  the  practical  Importance  of  the  estimator. 

It  should  be  noted  that  there  are  an  Infinity  of  linear  controller  laws  for  which 
the  miss  distance  is  zero  in  the  absence  of  noise,  and  that  these  laws  differs  as  regards 
their  acceleration  histories.  It  should  be  further  noted  that  these  laws  yield  zero  miss 
distances  irrespective  of  the  missile  response  time  and  of  target  maneuvers.  However,  the 
situation  is  radically  changed  if  constraints  are  placed  on  the  missile's  lateral  accele¬ 
ration.  One  must,  in  fact,  resort  to  laws  that  anticipate  missile  motion  if  one  is  to 
avoid  or  reduce  the  impact  of  saturation  phenomena  and  minimize  the  resulting  miss  dis¬ 
tance.  From  the  accuracy  standpoint,  bang-bang  control  ensures  the  beat  use  of  the  missile. 
A  special  and  particularly  interesting  case  of  such  a  law  is  provided  by  differential 
games  with  bounded  command.  Shinar  (lj  has  shown  that,  for  a  zero-sum  game  with  cost 
function  |y(t.)|  ,  and  assuming  that  both  the  target  and  missile  correspond  to  first-order 

transfer  functions,  then  the  optimal  law  has  the  structure  illustrated  in  Fig.l. 


Flg.l  Terminal  controller  with  bounded  command 


The  cross-hatched  area  is  bounded  by  the  minimal  Isocost 
of  the  minimax  miss  distance  as  a  function  of  the  maximum  lateral 
missile,  aH  that  of  the  tarqet,  aT,  and  of  the  missile  and  target 

Without  noise,  the  miss  distance  can  be  zero  only  if 


curves  giving  the  value 
acceleration  of  the 
time  lags,  th  and  . 


and  if 


(5) 


> 


(6) 


An  upper  bound  for  the  mss  distance  is  obtained  by  assigning  T^,  =  0.  For  given 

a  and  a  ,  this  bound  is  proportional  to  t  :  which  clearly  indicates  the  practical  lmpor- 
H  T  M 

tance  of  missile  response  time.  Note  that  in  this  non-linear  case,  the  separation  theorem 
does  not  hold. 


2 .  TERMINAL  CONTROL  OF  COMMAND  MISSILES 

Generally  speaking,  command  missiles  are  represented  as  being  controlled  by  a 
PID  (proportional,  integral  and  derivative)  type  stationary  controller  operating  on  the 
missile  position  coordinate  normal  to  the  1 aunche r - to - t a r ge t  line  and  here  termed  the 
"Letric  misalignment"  (which  constrasts  with  the  "angular  misalignment"  commonly  encoun¬ 
tered  in  angle  tracking)  .  The  metric  misalignment  is  thus  the  product  of  the  nissile-to- 
target  angular  misalignment,  as  measured  by  the  launcher-mounted  tracker,  and  the  range* 

R  ,  from  launcher  to  missile.  This  range  may  be  that  measured  by  a  ranae  finder  or  it 
M 

may  be  ar.  estimated  range  obtained  by  calculation.  See  Fig. 2  ang  Fig. 3. 


Fig. 2  Geometry  of  command  guidance 


Fig. 3  Block  diagram  representing  stationary  controller  for  command  guidance 


R  launcher- to-mi as ile  range,  R  launch er-to- target  range,  0  absolute  target  direction, 

M  T 

e  angular  nltal lgnment  betwean  miasila  and  target,  y  metric  misalignment  between  missile 
and  target  (missile  position  coordinate  normal  to  LT)  ,  k^,  k^,  kv  controller  gains.  a{ 

acceleration  feed-forward,  a  achieved  acceleration,  F  ( 8 )  tracker  transfer  function, 

L 

P(fl)  autopilot  transfer  function. 

Closed-loop  command  is  helped  by  a  feed-forward  term  resulting  from  an  estimation 
ot  the  acceleration  component  perpendicular  to  the  velocity  vector  and  induced  by  the 
alignment  constraint.  This  estimator  is  computed  by  processing  the  output  signals  from 
the  tracker  gyros  an:  the  tracker  itself.  The  estimate  is  exact  if  the  target  velocity 
vector  is  constant. 

The  tracker  transfer  function,  FIs),  in  fact  corresponds  to  the  tracker  output 
filter  applied  to  the  angular  misalignment,  e.  Another  filter,  not  represented  in  Fig. 3/ 
is  generally  applied  to  the  metric  misalignment,  y. 

The  loop  gains  are  adjusted  so  that  y  is  minimized  at  each  instant  in  time.  This 
is  necessary  both  to  keep  the  missile  within  the  beam  and  to  ensure  interception  with  a 
target  an  unknown  range. 

if  the  target  range  is  known,  a  terminal  law  can  be  used  instead  of  a  stationary 

law. 

2  .  1  CONVENTIONAL  TERM I NAL^LAW^  _RELAT IV PROPORTIONAL ^NAVIGATION 

This  law  is  the  transposition  of  the  classical  proportional  navigation  law  into 
the  coordinate  system  of  the  tracker. 


M 


M  ' 


Fig. 4  Geometry  of  relative  proportional  navigation 
If  0R  is  the  relative  bearing  and  Rmt  the  mi  a e i le- ta rg et  range,  then  : 


Using  Eq . 8  to  compute  o  ,  then  substituting  this  Into  Eq . 7 ,  we  obtain 


N  - * -  ♦  — 

tf-t 


This  RPN  law  is  identical  to  the  PID  law  If  we  assign  the  variable  gains  as  follows 


Fig. 5  Block  diagram  representing  relative  proportional  navigation  <FPN) 

Fig. 5  represents  RPN  if  it  is  assumed  that 

MT  MT  t 

2.1.1.  SWITCHING  FROM  STATIONARY  TO  TERMINAL  CONTROLLER 

The  RPN  gains  given  by  Eq . 1 0  are  not  sufficient  to  keep  the  missile  within  the 
tracker  beam  when  is  large.  It  is  thus  necessary  to  reserve  RPN  for  the  intercept 

phase  and  to  use  a  stationary  law  during  the  initial  phase 

In  the  absence  of  noise,  it  is  possible  to  exactly  null  the  miss  distance  induced 
by  the  state  variables  (i.e.  by  y  and  its  derivatives)  on  switching  from  stationary  to 
terminal  1  •  However,  this  method  is  not  robust.  It  is  thus  better  to  wait  for  the  ex¬ 

tinction  of  the  natural  response,  i.e.  to  switch  from  the  stationary  law  to  RPN  at  a 
tine-to-go  that  is  at  least  equal  to  the  response  time  of  the  RPN  loop.  This  time  is,  in 
turn,  strongly  dependent  on  the  available  lateral  acceleration.  Practical  values  range 
between  C.5  s  and  3  s.  Eq.10  tells  us  that  continuity  between  the  stationary  and  RPN 
gains  at  switchover  time  only  exists  under  the  following  conditions  : 

k  2  k 

v  v 

N  =  r -  and  t-t  =  - — 

k  f  k 

P  P 


Now,  assuming  that  k^  =  0  and  that  k^  and  are  adjusted  so  that  the  damping 
ratio  of  the  stationary  loop  is  C.7  ,  we  then  have,  roughly  at  leact,  kv  *  *'2 and 

M  -  2.  However,  such  value  for  N  being  scarcely  used,  one  frequently  observes  a  discon¬ 
tinuity  which  in  fact  expresses  the  difference  between  the  dynamic  behavior  of  a  statio¬ 
nary  loop  and  that  of  an  RPN  loop. 


Stationary  and  terminal  gains  as  a  function  of  time 


2.1.2  EFFECTS  OF  RANGE  FINDING  ACCURACY 


Fig.?  Effects  of  range  finding  accuracy 

I  point  of  intercep#  V  missile  relative  velocity  vector,  Ar  range  measurement  error,  a 

M 

inclination  of  V  relative  to  tracker  beam. 

M 

The  range  measurement  error,  AR,  includes  a  constant  or  slowly  varying  term,  AR^# 
induced  by  calibration  bias  or  filter  lag  and  a  stochastic  component,  AR^,  with  zero  mean 
For  most  range  finders,  ARc  is  much  greater  than  AR^.  The  stochastic  component,  AR^., 
induces  a  new  metric  noise  0R  ARe.  However,  given  that  uR^  and  CR  are  both  small,  the 
effect  is  generally  negligible  in  comparison  with  those  of  glint  ant  angular  noise. 

The  constant  or  slowly  varying  components,  AR  ,  induces  an  equivalent  displace¬ 
ment  of  the  point  of  intercept, I,  which,  in  turn,  results  in  a  parasitic  miss  distance 
equal  to  ci  AR^, 


Note  that,  in  the  presence  of  range  measurement  errors, 


0R  must  be  minimized. 


and  hence  a  too.  This  means  that  alignment  should,  at  ail  times,  be  as  nearly  perfect  as 
possible . 

2.1.3  EFFECTS  OF  METRIC  AND  ANGULAR  FILTERING 

The  noisefilter  associated  with  the  guidance  law  can  be  applied  either  to  cr 
( Eq . 7 )  or  to  y  (Eq.9).  The  first  case  corresponds  to  the  insertion  of  an  angular  filter 

after  the  variable  gain  in  Fjg.5,  the  second  to  that  of  a  metric  filter  before  the 

^  f  ”  ^ 

variable  gain.  In  conventional  homing  guidance,  the  filter  is  angular.  In  contrast,  the 
Kalman  filter  used  in  optimal  terminal  guidance  corresponds  to  what  is  here  termed  a 
"metric  filter".  During  the  RPN  phase,  the  tracker  filter,  F(s),  is  equivalent  to  a  me¬ 
tric  filter,  in  spite  of  the  fact  that  it  is  applied  to  an  angle.  One  can  indeed  assume 
that,  during  the  final  KPN  phase,  R^  is  constant  ;  which  means  that  Rm  and  1 / R M  both  va¬ 
nish  by  compensation  in  Fig. 5. 

The  dynamic  properties  of  the  conventional  terminal  loop  (be  it  homing  or  RPN) 
are  profoundly  modified  according  to  whether  the  filtering  is  angular  or  metric.  From  a 
theoretical  standpoint,  this  can  be  seen  in  the  response  x(t)  (with  Laplace  transform 
X  ( 8 )  )  to  a  position  impulse  of  the  adjoint  system  to  the  basic  linear  system  depicted  in 
Fig. 8. 


Fig. 8  Adjoint  model  of  RPN 

It  is  well  known  that  (fe)  X(£)  can  be  used  to  compute  the  miss  distances  induce 
respectively  by  a  stochastic  target  maneuver  $TT(s),  stationary  metric  ncise 


4-6 


/ 
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(11) 


3"2’  2^3  ljm  (X<”  *  l)(X(-’  ‘  *)  ♦nn(,)  *m 


(12) 


cr  by  an  evasive  deterministic  target  maneuver  such  as  an  acceleration  step  : 


E(s) 


X  (s) 


(Inverse  Laplace  e(t)) 


(11) 


Without  metric  filtering  (F(s)  »  1),  the  open-loop  transfer  function  of  the  ad¬ 
joint  system  can  be  expended  as  follows  : 


N  P  (  3  ) 


♦  t  — - — 
*  «  *  -  p. 


(14) 


and  one  has  : 


X(s)  -  «ai  n  (■  -  p  )  1  (15)  • 

i  1 

Kith  ■•trie  filtering,  X(s)  does  not  exist  and  the  response,  e(t) ,  is  generally 
unstable  (2).  In  the  simple  case  where  F(s)  ■  — ^  and  P(s)  •  1,  the  response,  e(t)  can 
be  depicted  as  in  Fig. 9. 


Fig. 9  Position  response  of  adjoint  system  to  an  acceleration  step 

Thus,  when  using  RPN,  it  is  important  that  the  filtering  applied  to  the  tracker 
output  signals  be  reduced. 

2.1.4.  OPTIMIZATION  OF  ANGULAR  FILTERING 

Using  Eq.ll  and  Eq .  1 2  we  can  compute  the  form  of  X(s)  required  to  minimize  the 
total  miss  distance  d2  =  o +  a^2  .  The  result  can  then  be  used  to  compute  the  correspon- 

ing  overall  missile  transfer  function,  P(s),  using  Eq . 1 4  and  Eq . 1 5 . 


Fig. 10  Minimization  of  d2 


The  diagram  in  Fig. 10,  representing  Eq.ll  and  Eq 

error  estimation  y  of  the  metric  deviation  y  at  each  time 
sely  a  Wiener  filter)  K(s)  =  l-X(s).  Hence  this  important 


12  shows  that  d  is  also  the 

by  a  Kalman  filter  (more  preci- 
theoretical  conclusion  :  when 
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both  noise  and  target  maneuver*  are  stationary,  the  miss  distance  given  by  an  optimal 
angular  filter  Is  equal  to  that  given  by  an  optimal  terminal  law  using  the  performance 
Index  of  Eq.2, 


Some  simple  case  studies. 
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(16) 

(17) 

(18) 

(19) 

(20) 

(21) 


The  poles  of  X(s)  and  P(s)  follow  a  Butterworth  con f lgu i a 1 1  on  of  degree  (n  +  2) 
end  M»  n* 2 

In  most  cases,  neither  the  poles  of  the  autopilot  nor  those  (if  there  arc  any) 
of  the  seeker  coincide  with  the  poles  of  P(s).  This,  In  turn,  means  that  It  Is  generally 
impossible  to  implement  an  optimal  angular  filter.  In  contrast,  and  as  Is  well  known,  it 
is  generally  possible  to  implement  the  metric  Kalman  filter  used  in  the  optimal  terminal 
law. 


2.2  TERMINAL_LAW 

The  Implementation  of  the  optimal  terminal  law  in  the  case  of  a  command  guidance 
system  Is  Illustrated,  for  the  simplified  case  of  a  Kalman  estimator  of  degree  2,  in 
rig, 11.  It  Is  assumed  that  no  signals  generated  by  missile  accelerometers  are  available 
to  the  computer,  which  Implies  the  need  to  model  the  missile  autopilot.  Note,  the  higher 
the  degree  of  the  estimator,  the  higher  the  loop  sensitivity  to  the  accuracy  of  the  model. 
Neeline  and  Zarchan  give  examples  of  such  sensitivity  for  homing  guidance  with  an  estima¬ 
tor  of  dag ’  e  3  ( 3]  . 

The  feedforward  term  la  used  as  shown  in  Fig. 11.  This  term  is  generated  through 
the  separate  estimation  of  5  and  8  as  functions  of  target  noise.  The  reason  for  resorting 
to  sopatate  estimation,  rather  than  common  estimation  by  the  Kalman  filter,  is  that  the 
assumptions  mads  concerning  the  target's  mean  trajectory  are  not  the  same  as  those  concer¬ 
ning  its  evasive  maneuvers. 

Metric  Kalman  filtering  does  not  result  in  the  instability  mentioned  above  in 
response  to  an  acceleration  step  by  the  target.  But,  in  the  case  of  a  degree-2  filter,  it 
does  result  in  e  bias  of  1/ni'  .  In  the  case  of  a  degree-3  filter,  this  bias  is  zero. 

The  effects  of  range  measurement  errors  are  the  eame  as  for  RPN.  The  timing  of 
the  switchover  between  stationary  and  optimal  terminal  law  depends,  as  with  RP2,  on  the 
available  lateral  acceleration  and  the  estimatoi  response  time. 


Fig.  1  1 


Command  guidance.  Optimal  terminal  law 
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2  .  3  STATI  ON  ARY_  L  AW_  AD  JUSTEMENT\_COMPAR  ISON  _OF_  STATION  APY_AND_TERM  IN  AL_LAWS 

It  is  good  policy  to  minimize  y  at  each  instant  in  time  so  that  the  system  is 
able  to  cope  with  a  fortuitous  lo9s  of  range  measurement,  as  in  the  case  of  jamming.  This 
is  of  course  the  only  policy  if  target  range  is  not  available.  Recall  also  that,  whatever 
the  circumstances,  good  alignment  always  minimizes  the  impact  of  range  measurement  errors 
on  miss  di stance . 

In  a  LQG  sense,  the  optimal  stationary  law  includes  a  Kalman  estimator  Identical 
to  that  used  in  the  terminal  law,  and  a  controller  minimizing  the  following  performance 
index  ; 
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.  t  *  ,  y 

1  '  iv  <t> 
1 0 


u  a  2  ( t ) )  dt 

c  J 


(  24  ) 


The  miss  distance  Induced  by  such  a  Law  is  always  greater  than  that  induced  by 
a  terminal  law  with  a  performance  index  such  as  that  given  by  £  q  .  2  .  In  practical  terms, 
this  means  that  the  advantages  of  terminal  control  are  greatest  in  the  case  of  targets 
characterized  by  weak  r.oise  and  energetic  maneuvering.  This  is  due  to  the  fact  that  the 
gain  levels  used  during  the  terminal  phase  are  in  a  range  that  would  be  unacceptable  du¬ 
ring  the  old-course  phase  tsee  F  i  g  .  <> }  . 

3  COMPARISON  OF  COMMAND  AND  HOMING  GUIDANCE 


Consider  the  case  of  a  medium- range  (say  12  km)  u ur  f  a  ce  - 1 o- a  i  r  missile.  We  wish 
to  compare  the  performance  of  one  type,  featuring  a  stabilized  active  seeker,  with  that 
of  another  type  featuring  a  launcher-mounted,  narrow-beam  tracker.  It  is  assumed  that  the 
target  range  is  available  in  both  cases.  Let  us  now  compare  the  following  quantities  : 

-  missile  path  curvature, 

missile  agility  or  response  to  evasive  target  maneuvers,  and 

-  effects  of  sensor  noise. 


3.1.  MI5SILE_PATH_CURVATURE 

If  the  target  cross-range  is  non-zero,  then  the  lateral  a  oleratior.  required  by 
a  command  guidance  vCG)  missile  is  alway  much  qreater  than  that  rejuired  by  a  homing  out¬ 
dance  (HG)  missile,  even  taking  into  account  homing  head  girr.bal  angle  constraints.  Neglec¬ 
ting  the  missile's  deceleratlo:  and  angle  of  attack,  the  lateral  acceleration  required 
to  intercept  a  constant-speed  target  on  a  straight  trajectory  is,  accord  in g  to  reference 


Fig.  12 


I 


Command  missile  flij'  path.  Interception  phase 

If  we  corvsMer  the  case  where  C  *  2  000  m,  VT  *  VH  *  500  tob  1  and  0  •  ^/2  ,  then 
a^  »  250  ms  1  for  a  CG  missile  and  a^  •  0  for  HG  missile. 

However,  if  the  target  cross-range  is  zero,  the  situation  is  reversed.  Simulation 
studies  show  that,  for  the  target  paths  9<etche  in  Fig. 13,  the  lateral  acceleration 
required  by  a  homing  missile  is  generally  greater  than  that  required  by  a  command  missile 
irrespective  of  the  range  at  which  the  stoker  locks  on  to  the  target.  In  both  cases  the 
missile  is  assumed  to  coast  after  Initial  acceleration  (i.e.  to  be  decelerated  during 
the  intercept  phase).  The  homing  missile  is  also  assumed  to  have  been  launched  in  the 
general  direction  of  the  Intercept  point. 


Fig. 13a  Sinusoidal  target  path 
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Fig. 13b  Maximum  missile  lateral  acceleration  on  target  B  (g) 
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Fig. 13c  Maximum  missile  lateral  acceleration  on  target  W(g) 


The  kinematic  advantage  of  command  guidance  over  homing  guidance  in  this  case 
can  be  attributed  to  the  fact  tie  maneuvers  the  missile  has  to  develop  to  follow  those 

of  the  target  are  attenuated  by  j  factor  of  approximately  R  / R  . 

M  T 

3.2  RESPONSE  TO  TARGET  EVASIVE  MANEUVERS 


Here  we  assume  no  nolee  In  e'ich  case.  In  the  linear  case,  l.e.  with  nc  bounds  or 


lateral  acceleratio.,  v he  terminal  law  with  a  performance  index  of  the  form  given  in 
Eq.2  yields  a  tare  miss  distance  irrespective  of  the  nature  of  the  maneuvers  executed  by 
the  target.  Hence,  in  thie  caee,  there  is  no  difference  between  CG  and  HG. 


If 


we  now  assume  that  lateral  acceleration  is  bounded  by  a  ,  the  usefull  compo- 

M 


nent  against  target  lateral  acceleration  is 
sile  and  target  velocity  vectors.  Here,  CG 


where 


Ls  the  angle  between  the  mis- 


coaii 

suffers  a  penalty  if  the  target  cross-range 
ls  non-zero  because  the  corresponding  value  of  \ i1  ls  greater  then  for  HG ,  If  the  cron- 
range  is  zero  then,  as  we  heve  already  seen,  CG  lo  better  than  HG . 


Returning  to  the  case  of  conventional  linear  proportional  navigation  with  cons¬ 
tant  gain  (N)  and  without  filtering  (no  noise),  the  overall  mleeile  transfer  function 
strongly  differentiates  between  CG  and  HG.  What  we  are  in  fact  comparing  are  the  loops 
of  Fig. 14  where  P(s)  ls  ths  autopilot  transfer  function  and  Ala)  tne  seeker  transfer 
function . 


Command 


Homing 


Fig.  14  Linear  guidance  loops 


If  P  and  A  aro  assumed  to  correspond  to  first-order  lags  of  T  -  - —  and  T.  »  - —  , 
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then  the  adjoint  impu 1 se response  is  found,  using  Eq.M  and  Eq .  1 5 ,  to  be  t 
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which  reduces  to 


and 
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Curves 


9hown  in  Fig. IS. These  give  the  maximum  misa  distance  ob¬ 


served  for  a  missile  fired  at  a  target  with  sinusoidal  acceleration  characterized  by 
angular  frequency  w,  amplitude  10  g,  and  random  phase  (uniform  distribution  between 
and  2^  )  . 


As  can  be  seen,  the  lag  of  the  see<er  heavily  penalizes  HG .  This  finding  is 
confirmed  by  simulation.  Moreover,  the  difference  ls  even  larger  if  parasitic  coupling 
(due  to,  say,  radom  aberration)  is  introduced  ana  if  more  realistic  r e pr e s e n ta t i on  a  of 
transfer  functions  A  and  P  are  used. 

3.3  EFFECTS  OF  S EN S O R _ NO I S E 

3.3.1  CHARACTER I 7ATION  OF  SENSOR  NOISE 

Assuming  zero  range  measurement  error,  then  clearly  this;  quantity  can  have  no  ef¬ 
fect  on  conventional  or  optimal  command  guidance,  nor  or.  optimal  homing  g  u  l  dance  .  As  sum  1  ng 
also  that  the  glint  nolae  1b  the  same  In  both  cases,  the  comparison  is  reduced  to  that  of 
the  effects  of  thermal  noise  only  in  both  cases.  Thermal  noise  can  be  conveniently  charac¬ 
terized  by  its  spectral  density,  £  ^  ^  ,  and  its  bandwidth.  The  thermal  noise  bandwidth  always 

being  much  greater  than  that  of  the  guidance  loop,  it  can  bo  assumed  that  t 


1b  uniform. 
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Fig.  15  Maximum  mil*  distance  induced  by  sinusoidal  target  path 
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where  R  is  the  range  from  tracker  or  seeks:  to  target  and  c  is  the  target's  radar  cross- 
section. 
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where  £>B  is  the  antenna  3-dB  bandwidth,  K  Boltzmann's  constant,  T  the  temperature,  L  the 

overall  loss  factor,  F  the  receiver  noise  figure,  a  the  system  error  detection  slope 
angle,  the  average  transmitted  power,  G  the  antenna  power  gain,  and  X  the  wavelength. 

Of  course  the  main  difference  between  CG  and  HG  Is  the  fact  that  in  one  case  R  is  the 
trecker-to  target  range  and  in  the  other  the  miss  11 e - to-targe t  range. 

3.3.2.  COMPARISON  BETWEEN  CG  AND  HG  FOR  CONVENTIONAL  GUIDANCE 


Referring  to  Fig. 14,  it  is  assumed  that  the  only  noise  filtering  is  that  natural¬ 
ly  attributable  to  A(s)  and  P(s). 


In  the  case  of  CG,  it  can  be  aseumed  that  the  thermal  noise  level  is  constant  in 
the  vicinity  of  the  point  of  interception,  and  that  its  mean  metric  spectral  density,  l.e. 
the  mean  spectral  density  expressed  in  terms  of  distance  instead  of  angle,  is  given  by  i 


ttra 


(3  1) 


where  8R  ia  the  tracker  8  factor  and  F ^  the  tracker-to-intercept  range.  Now,  assuming 
that  P(B)  is  a  first-order  lag,  T  ,  end  that  N  -  3,  Eq . 1 2  yields  the  corresponding  miss 
distance  i 
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In  the  case  of  HG,  thermal  noise  is  radically  non- s tat  Iona ry .  The  mean  metric 
spectral  density  of  this  noise  is  given  by  : 


*MT  <Vt; 


( t  _- 1 !  6 
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(33) 


where  8g  Is  the  seeker  8  factor.  However,  Eq . 1 2  is  no  longer  applicable.  In  the  adjoint 

system  shown  in  Fig. 8  the  impulse  6(t)  Inducing  X(s)  must  be  replaced  by  6(t)  t*.  Hence 
in  Eq.12  one  must  also  replace  X ( s )  -  1  by  Y(s!  where  Y(a)  lb  defined  by  : 
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If  we  now  assume  that  the  overall  A(a).P(s)  transfer  function  is  a  first-order  lag,  T 
and  that  14  •  2,  then  the  corresponding  alss  distance  can  be  expressed  as  : 
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The  range,  R  ,  can  then  be  computed  for  the  case  where  the  miss  distance  indu- 
i  c 

ced  by  thermal  is  the  same  for  both  CG  and  MG.  This  is  done  by  combining  Eq . 3 2  and  35  : 
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Now  consider  a  numerical  example  with  the  following  plausible  values  i  6. 
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1  *  ( rad 2 . s . m~  2 )  ,  T 


0.12  e  ,  and  T  »  0.24  s.  Thla  yields  R  «  1.8  R 

A®  I  o  MT 


which  demonstrates  that  the  range  beyond  which  CG  is  penalized  relative  to  HG  is  short, 
about  3  km. 


However,  a  valid  comparison  mutt  focus  on  the  overall  mist  distance  resulting 
from  both  thermal  noise  and  target  maneuver!.  As  stated  above,  the  component  induced  by 
glint  noise  is  assumed  to  be  same  in  both  cases.  Using  tne  simplified  transfer  functions 
previously  assigned  to  p  and  A.P,  the  maximum  miss  distance  is  given,  in  rms  form,  for 
a  target  executing  a  sinusoidal  trajectory,  by  Eq.27  as  i 
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Therefore,  with  N  -  3 ,  we  have  i 
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The  effects  of  the  term  involving  are  indicated  in  the  table  below  (Fig.  16)  for  the 


same  numerical  example  as  stated  above  and  for  R 
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Fig. 16  Intercept  ranges  giving  the  same  raise  distances  for  both  CG  and  HG 

For  each  range  given  in  the  table,  CG  is  more  accurate  than  HG  at  shorter  ranges 
and  leas  accurate  at  longer  ranges-  Thus,  broadly  speaking,  we  can  state  that  CG  is  bet¬ 
ter  than  HG  for  large  targets  capable  of  high-power  maneuvers.  In  each  case,  the  ranges 
indicated  in  Fig. 16  are  greater  the  more  realistic  the  9eeker  and  autopilot  models. 


3.3.3 


COMPARISON  BETWEEN  CG  AND  HG  FOR  OPTIMAL  TERMINAL  GUIDANCE 


It  was  fourd  in  §  2.1.4  that  optimal  terminal  CG  can  only  be  implemented  using  a 
metric  model.  The  corresponding  implementation  for  optimal  terminal  HG  has  also  been 


presented  by  Nesline  (3)  using  a  third-order  estimator.  The  block  diagram  shown  in  Fig. 17 
is  essentially  the  same  except  that  the  estimator  has  been  simplified  to  the  second 
order.  This  implementation  should  be  compared  with  that  for  CG  (Fig. 11). 


Fig. 17  Optimal  terminal  HG 


absolute  direction  of  nissile-to  -target  line 
l(i  absolute  direction  of  seeker  boreslght  axis 
£  seeker  boresight  or  tracking  error. 

The  important  point  here  is  that  the  seeker  lag,  is  compensated  by  the 

estimator,  so  that  the  reason  for  the  difference  in  agility  between  CG  and  HG  m  the 
case  of  conventional  guidance  vanishes.  Note  that  the  same  result  can  be  achieved  by 
measuring  ^  using  an  IMU. 

If  the  seeker  lag  were  perfectly  compensated,  the  overall  transfer  functions 
of  the  missiles  would  be  identical  and  the  range,  R  ,  up  to  which  CG  out  performs  HG 

would  be  reduced.  In  practice,  however,  such  phenomena  as  radome  aberration  and  para¬ 
sitic  coupling  effects  limit  the  potential  for  effectively  reducing  Rj. 

4  CONCLUSIONS 

An  Interesting  theoretical  result,  concerning  both  CG  and  HG,  is  that  optimiza¬ 
tion,  in  an  LQG  sense,  of  the  terminal  law  results  in  the  same  statistical  accuracy, 
irrespective  of  whether  this  is  done  using  angular  or  metric  filtering,  if  target  maneu¬ 
vers  and  noise  are  stationary.  But,  only  the  metric  optimal  law  can  be  Implemented. 

With  regard  to  pure  kinematics,  the  1 ine-o f - 3 igh t  (or  alignment)  trajectory  of  a 
CG  missile  tracking  a  target  with  non-zero  cross-range  results  in  missile  lateral  accele¬ 
rations  greater  then  those  required  In  the  case  of  a  HG  missile  on  a  proportional  navi¬ 
gation  trajectory.  Even  If  these  accelerations  do  not  exceed  the  missile's  maximum  acce¬ 
leration  capability,  they  reduce  the  efficiency  of  its  response  to  target  evasive 
maneuvers  requiring  further  increasing  of  curvature  of  the  missile  path.  The  situation 
is  reversed  when  it  comes  to  a  radial  target  (zero  cro s 9- ra ng e ) ,  l.e.  the  curvature  of 
the  alignment  trajectozy  of  a  CG  missile  Is  less  than  that  of  a  HG  missile,  irrespective 
of  any  maneuvers  when  closing  on  the  launcher.  In  the  case  of  conventional  terminal  gui¬ 
dance,  i.e.  for  an  HG  missile  using  absolute  proportional  navigation  or  a  CG  missile 
using  relative  proportional  navigation,  the  limited  bandwidth  of  the  seeker  tracking  loop 
heavily  penalizes  the  HG  missile  when  homing  on  a  maneuvering  target.  This,  in  turn, 
effectively  reduces  the  advantage  of  HG  associated  with  the  fact  that  its  thermal  noise 
vanishes  in  the  vicinity  of  the  point  of  interception.  It  Is  thus  possible  to  define  a 
range  that  Is  a  function  of  target  size  and  target  maneuvering  capability  and  below  which 
CG  is  more  accurate  than  HG . 

In  the  case  of  optimal  terminal  guidance,  this  disadvantage  of  HG  vanishes  to  the 
extent  that  the  response  time  (or  lag)  of  the  seeker  loop  can  be  compensated.  However  HG 
must  take  account  of  certain  specific  sources  of  disturbance  which  cannot  be  compensated 
because  they  are  unknown.  These  disturbances  include  radome  aberration,  parasitic  coupling 
between  seeker  and  missile,  nr.d  noise  introduced  by  inertial  sensors.  Thus  we  once  again 
find  a  zone  of  short  ranges,  where  CG  out  performs  HG . 
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RESUME 


Le  pilotage  d’un  missile  A  1‘alde  d'un  dispositif  pyrotechni que  crAant  directement  la 
force  normale  nAcessaire  au  pilotage  au  voislnage  immAdiat  de  sort  centre  de  gravltA, 
possAde  des  propriAtAs  dynamiques  reraarquables,  pratlquement  1 ndApendantes  de 
l'altltude  et  de  la  vitesse  de  voi. 

Du  fait  de  sa  consommation  AlevAe  en  poudre,  les  applications  aux  missiles  tactiques 
ont,  semble-t-11,  AtA  jusqu'ici  restreintes  A  des  missiles  antichars  A  temps  de  vol 
court  et  A  faible  capacitA  de  manoeuvre. 

L'application  aux  missiles  sol-air  devient  possible  A  condition  d'associer  le  pilotage 
pyrotechnique  A  un  pilotage  aArodynami que  classique.  L '  association  ainsi  rAallsAe 
possAde  les  avantages  de  ses  deux  constituents,  en  particulier  un  temps  de  rAponse  trAs 
faible  et  une  capacitA  de  manoeuvre  IntAressante  A  haute  altitude  et/ou  basse  vitesse. 

Ce  type  de  pilotage  permet  de  rAduIre  la  distance  dA  passage  d'un  missile  guidA  en 
prAsence,  par  exemple,  d'une  cible  manoeuvrante  ou  volant  A  grande  vitesse  A  haute 
altitude. 

Cette  communication  prAsente  les  principes  gAnAraux  d'un  tel  pilotage  et  des  exemples 
d ’ app 1 1  cat  1 ons  possibles  A  des  missiles  sol-air  A  capacitA  antimissile. 

I  .  INTRODUCTION 

La  dAfense  contre  les  missiles  tactiques  de  la  gAnAration  actuelle  est  un  problAme  dont 
la  dlfficultA  et  1 'importance  vitale  ont  AtA  rAcemment-  IllustrAes  par  l'EXOCET  lors  du 
conflit  des  lies  Malouines.  La  menace  future,  A  terre  comme  en  mer,  sera  encore  plus 
contralgnante  du  fait  de  1 ' accrol ssement  prAvisible  de  la  vitesse  et  de  la 
manoeuvrabi 1 i tA  des  missiles  assaillants,  d'un  niveau  AlevA  de  brouillage  et  du 
caractAre  saturant  des  attaques. 

Face  A  cette  menace,  de  nouveaux  systAmes  de  dAfense,  actifs,  A  base  de  missiles 
autoguidAs,  seront  nAcessaires. 

Un  des  problAmes  posAs  A  ces  missiles  est  de  rAaliser  la  destruction  structurale  de 
1 'hostile  -  voire  la  destruction  de  sa  charge  militaire  -  pour  assurer  une  protection 
rapprochAe  efficace  des  objectifs  dAfendus. 

La  destruction  structurale  d'un  missile  A  l'aide  d'une  charge  classique  exige  une  trAs 
faible  distance  de  passage  sous  peine  de  devoir  accroitre  dans  des  proportions 
i nadmi ssi bl es  la  masse  de  cette  charge  et  ce’le  de  1 ' ant imi ssi 1 e.  En  prAsence  d’une 
cible  supersonique  trAs  manoeuvrante  cette  faible  distance  de  passage  implique  une 
dynamique  de  1 ' i ntercept  i  on  finale  trAs  supArieure  a  celle  des  missiles  sol-air 
actuels.  Les  parametres  qui  rAgissent  cette  dynamique  peuvent  Atre  rAsumAs  en  termes 
de  :  senseur  (la  vue),  quidage  ( 1 ' i nte 1 1 i gence ) ,capac i t A  de  manoeuvre  (la  force)  et  de 
pi  1  otage  ( 1  e  ref  1  exe ) .  Des  progres,  parfois  majeur's,  ont  AtA  rAalisAs  ou  se  dessinent, 
Jans  ces  diffArents  domaines  et  sont  susceptibles  d'apporter  une  rAponse  partielle  aux 
problAmes  poses.  Citons,  sans  souci  d'etre  exhaustifs,  les  capacitAs  nouvelles  de 
traitement  de  1 ' i nf ormat i on ,  les  techniques  de  filtrage  ou  de  guidage  optimal,  une 
maitrise  accrue  de  1 ' aArodynami que  des  hautes  incidences... 

II  existe  cependant  une  butAe  dans  le  domaine  du  "rAflexe".  Elle  est  liAe  au  princIpe 
meme  du  pilotage  aArodynami que  classique  dans  lequel  le  dispositif  de  commande 
(gouverne,  dAviateur  de  jet  ...)  crAe  un  couple  qui  provoque  un  mouvement  d’assiette 
lui-meme  gAnArateur  de  1'incidence  propre  a  crfier  la  force  utile.  II  en  rAsulte  : 

-  une  limitation  de  rapiditA  du  pilote  automatique  du  fait  de  la  multiplicitA  des 
“ i ntermAdi ai res "  A  controler  et  des  couplages  tri di mensi onne  1  s  qui  prennent  naissance 
aux  Incidences  AlevAes, 

-  une  limitation  du  temps  de  rAponse  global  admissible  d'un  missile  autoguidA,  sous 
peine  de  le  destabi 1 i ser, par  exemple  sous  1'action  conjuguAe  d'une  prise  d'incidence  et 
des  aberrations  de  radome. 

En  presence  d'une  cible  rapide  et  agile,  cette  insuffisance  de  rAflexe  conduit  a  une 
distance  de  passage  importante.  En  effet,la  plupart  des  composantes  elAmentaires  de 
cette  derniere  croissent  avec  le  temps  de  rAponse  du  missile  guidA  -  par  exemple  comme 
son  carrA  en  prAsence  de  manoeuvres. 
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Le  pilotage  des  futurs  missiles  a  vocation  antimissile  devra  posslder  des 
caractlr i st i ques  s i gn 1 f i cat  1 vement  amllioryes,  c'est-S-dire  a  ia  fois  une  grande 
capacity  de  manoeuvre  et  un  temps  de  rlponse  trls  diminul,  mime  en  altitude,  sans  qu'il 
en  rlsulte  une  sensibility  accrue  aux  effets  nlfastes  Ills  a  la  prise  d'incidence  du 
pi  1 otage  cl assl que . 

Le  pilotage  par  ailes  mobiles  prlsente  des  limitations  (capacity  des  vlrins,  effet  de 
l'altitude  ...)  qui  ne  permettent  pas  d'atteindre  1  ensemble  de  ces  objectifs.  Un 
pilotage  pyrotechnique  agissant  au  voisinage  immldiat  du  centre  de  gravity  posslde  pour 
sa  part  de  tr$s  bonnes  performances  dynamiques,  mais  est  plnalisl  par  une  consommation 
de  poudre  excessive  qui  limite  son  domaine  d ' appl ication  a  des  temps  courts  et/ou  des 
manoeuvres  modestes. 

Ses  avantages  (rapidity,  prise  d'incidence  trls  faible,  efficacitl  quasi  indlpendante 
de  l’altitude  et  de  la  vltesse...)  sont  cependant  tels  qu'il  a  paru  intlressant  de  le 
valorlser  en  1'associant  a  un  pilotage  aferodynami que  classique.  Cette  association 
dlnommle  dans  la  suite  PIF-PAF  (°Ilotage  en  Force  -  Pilotage  Alrodynami que  Fort), 
constitue  un  dlspositif  homogSne  profitant  des  avantages  propres  de  ses  deux 
constituents  et  mlnimlsant  leurs  1 nconvlni ents  respectifs. 

La  prlsente  communication  prlsente,  aprls  un  rappel  sur  le  pilotage  en  force  classique, 
les  principes  glnlraux  et  les  applications  possibles  de  ce  concept  qui  fait  I'objet 
d'un  programme  de  recherche  et  de  dSvel oppement  a  1 ‘AEROSPATIALE  avec  le  soutien  des 
Services  Officiels  Franqais. 


2.  LE  PILOTAGE  "EN  FORCE"  (P1F) 

On  s'lntlresse  dans  ce  qui  suit  &  ur,  pilotage  dans  lequel  la  force  transversale 
nlcessaire  i  1'lvolution  du  missile  est  dlrectement  c rile  au  voisinage  de  son  centre  de 
gravity  par  des  jets  de  gaz  propulsifs.  Par  abrlviation  on  appellera  ce  mode  de 
pilotage  PIF  pour  Pilotage  en  Force. 

2.1.  Principes  possibles 

-  Une  premilre  possibility  (figure  1)  conslste  4  y qui per  le  missile  d'une  batterie 
d'impulseurs  organisSe  en  couronne  au  voisinage  de  son  centre  de  gravity. 


Figure  1  :  Pilotage  en  force  par  impulseurs 


L'axe  de  chacun  des  impulseurs  est  Incline  de  maniyre  telle  que  la  force  yilmentalre 
passe  au  centre  de  gravity  du  missile  ou  llglrement  en  avant.  La  mise  i  feu  d'un 
impulseur  crle  un  incrlment  de  force  dont  la  composante  normale  F  s»no<  sert  au  pilotage 
et  la  composante  axiale  F cosoi  contribue  a  l'entretien  de  la  vitesse. 

Un  tel  dlspositif  est  blen  adapt!  au  pilotage  d'un  missile  en  autorotation.  Le  temps 

d'apparition  de  l'impulsion  lllmentaire  peut  etre  faible  (5  ms  par  exemple).  Le  temps 

de  reponse  Iquivalent  du  pilotage  est  un  peu  plus  grand  du  fait  de  la  rotation,  surtout 

en  fin  de  vol  lorsque  le  nombre  d'impulseurs  non  brulls  devient  faible. 

Comme  il  est  difficile,  dans  la  pratique,  d'augmenter  consi derab 1 ement  le  nombre 
d'impulseurs,  ce  mode  de  pilotage  est  utilisl  lorsque  la  durle  de  vol  et  le  besoin  en 
maniability  sont  faibles  (ex  Missile  Antichar  DRAGON). 

-  Une  autre  possibility  ajtorisant  un  niveau  de  manoeuvre  plus  llevl  consiste  a 
utiliser  un  systyme  de  distribution  associe  a  un  generateur  de  gaz  debitant  en 
permanence.  La  fixity  du  centre  de  gravity  peut  etre  obtenue,dans  ce  cas.en  utilisant 
deux  demi  glnerateurs  de  gaz  organises  de  part  et  d'autre  du  centre  de  gravity.  Les  gaz 
sont  di-lges  par  1  i  ntermldi ai re  d'un  commutateur  vers  I'une  ou  l'autre  d'un  ensemble 
de  tuyl'es,  en  maintenant  la  section  de  sortie  globale  sens i b 1 ement  constants. 
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La  figure  2  ci-apres  illustre  ce  type  de  realisation 


Figure  2  :  GSnSrateur  de  gaz  et  obturateur 

a )  rotati f  b )  1 1 n6ai re 

Le  nombre  de  tuyeres  nicessaires  peut  aller  de  2  pour  un  missile  en  autorotation  de 
roulis,  a  3  ou  4  pour  un  missile  stabilise  en  roulis. 

Le  dispositif  de  commutation  (ou  d ’ or  1 ent at  1  on )  peut  avantageusement  etre  commande  par 
un  systeme  pneumat i que  travalllant  en  ♦  et  -  par  emprunt  de  gaz  au  g6n6rateur 
principal.  Le  temps  d ' etabl i s sement  des  forces  peut  alors  etre  tres  bref,  typiquement 
de  l'ordre  d'une  dizaine  de  mi  1 1 i secondes  pour  un  dispositif  de  tail  1 e  moyenne. 

Par  ailleurs,  de  m6me  que  dans  le  pilotage  par  impulseurs,  on  peut  incliner  les  tuyeres 
vers  l'arriere  pour  entretenir  la  vitesse  du  missile.  L'angle  d ' i ncl 1 nai con  nScessairect 
etant  en  general  faible,  la  force  normale,F  coscx  ,  est  tres  peu  modifiee. 


2.2.  Dynamique  du  pilotage  P1F 


La  r§ponse  du  missile  a  la  force  P1F  peut-etre  caracterisee  par  les  fonctlons  de 
transfert  decrivant  les  petits  mouvcments  par  rapport  a  un  point  d'equilibre  : 


NT  =  K  1  «■  A.,  S  +  A,  Sl 

Ty  TTIfTTB^F 

5  K  W  A3  S 

--  vn  r  ♦  B,  5  7  \  5> 


(tangage  ou  lacet) 
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Dans  le  cas  d'un  pilotage  en  force  vrai  (^=  0  ou  1  )  on  verifie  que  : 
K _ _  1  Mot  A  1 


V  8, 


Mot  A 

Met  A _ 

Hot.  A  v  Mg 


Mg 


II  en  resulte  que  la  F.T.  en  acceleration  normale  : 

-  a  un  gain  quasi  ind&pendant  de  la  vitesse  et  l'altitude, 

-  possede  deux  zeros  au  num^rateur  proebes  des  poles  du  denomi nateur . 
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La  rSoonse  naturelle  du  missile  a  un  ordre  de  pilotage  est  de  ce  fait  fldele,  raP151* 
peu  aPffect6e  par  1 ' oscl 1 1 atl on  d'incldence.  La  figure  3  montre  de  fagon  comparfee  U 
rfiponse  temporelle,  nors  stabilisation,  d’un  missile  pilot*  en  force  et  ce  le  de  ce 
m§me  missile  pilot*  par  des  gouvernes  a6rodynami ques  arrISre  .  La  figure  4  presente  les 
incidences  correspondantes  en  fonction  du  temps. 


figure  3  :  Reponses  en  acceleration  normale  (missiles  non  stabilises) 


Le  comportement  naturel  du  missile  pilot*  en  force  est  suffisamment  pur  pour  qy  on 
pul  sse  Pr*dul  re  le  pllote  automatique  a  un  simple  gam,  Le  retard  tota1.^ 
l'acclieration  normale  se  limite  alors  3  celui,  tres  faible.  du  dispositif  de  deviation 

de  jet. 

A  titre  d'exemple  la  figure  5  pr*sente  la  r*ponse  i  un  echelon  d  ’  acceleration  commandee 
du  m§me  missile  que  precedemment  tant  en  pilotage  PIF  qu  er  pilotage  aerodynaml que 
classique  en  boucle  fermbe  pour  ce  dernier. 


le  gain  en  temps  oe  rAponse  attelnt  un  facteur  10  environ.  Ceci  est  particul ierement 
intlressant  pour  un  missile  guide  : 

-  s'il  est  guide  en  alignement,  parce  que  cela  autorise  une  dynamique  d '  asservi ssement 
b  la  ligne  de  vis6e  de  hautes  performances, 

-  s'il  est  autoguide  parce  que  la  distance  de  passage  diminue  avec  les  retards  de  la 

chaine  et  1'ordre  de  la  fonctlon  de  transfert  globale.  Un  autre  avantage  du  P1F  est, 
pour  ce  type  de  guidage,  1 'absence  d:  constanta  de  temps  de  mise  en  virage  (Aj  =  0), 
ce  qui  ameiiore  sa  robustesse  vis-a-vis  des  aberrations  de  rad6me.  '* 

2.3.  Aspects  specifiques 

2.3.1.  Interactions  entre  le  jet  et  l'ecoulement  exterieur 

Le  (ou  les)  jet  lateral  de  pilotage  constitue  un  obstacle  (spoiler  gazeux)  pour 
l'6coulement  principal  ce  qui  Induit  un  champ  d' interactions  avec  1 ' aerodynami que 
externe  (ref.  1  et  2).  L'allure  des  phAnomenes  est  representee  par  la  figure  6. 


Figure  6 


On  distingue  sc hema t i quemen t  deux  zones  d ' 1 nt er ac t i on s  : 

-  une  zone  rapprochee  au  voislnage  de  la  section  de  sortie  du  jet  ou  un  choc  detache 
apparalt  en  amont  de  la  tuyere  separant  une  zone  de  surpression  amont  et  de  depression 
aval . 

-  une  zone  lolntaine  resultant  du  sillage  du  jet  qui  s’organise  en  deux  tourbillons 
contrarotat 1 f s  susceptlbles  d'affecter  les  surfaces  arrieres  du  missile. 

I'ensemble,  complexe,  de  ces  phAnomAnes  fait  qu'on  recuellle,  au  lieu  de  la  force  Fo 
mesurable  au  banc  statique,  un  torseur  TJ  caractArisA  par 

-  une  force  F  =  K  (M,ot . F0  1 

-  un  couple  C  [  M  ,  oi ,  )  ^  o  J 

Le  rendement  K  sur  la  force  depend  d'un  grand  nombre  de  paramAtres  (geomAtrie,  Mach, 
incidence,  pi/po  ...).  II  peut  Atre  infArieur  ou  supArieur  a  l'unltA. 

L'allure  de  son  evolution  avec  le  mach  et  1 'incidence  est,  typiquement,  la  suivante. 


F 1 gure  7  ;  Evolution  du  rendement  avec  1’incidence  et  le  Mach 
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Involution  du  couple  d '  1 rteract 1 ons  est  plus  complexe.  Une  tendance  assez  fr6quente 
est  que  sa  composante  en  lacet  (ou  tangage)  ait  tendance,  lorsque  le  rendement  K 
diminue,  a  cr6er  une  Incidence  du  signe  de  la  force  due  au  jet,  ce  qui  assure  une 
certalne  Constance  de  1'effet  global. 

Pour  un  pilotage  en  force  pur,  ou  pratlquement  our  (  <<•  1  ) ,  l'incidence  reste  tr£s 

faible  et  i'essentlel  est  de  dSfinlr  une  cellule  pour  laquelle,  a  l'incidence  nulle,  le 
rendement  est  bon  (sup^rleur  4  1  si  possible)  et  1'effet  du  couple  faible  (bonne 

stability)  et  en  tout  cas  dans  le  sens  favorable. 

Cette  recherche  de  definition  est  essentiel lement  du  ressort  de  la  soufflerie. 

2.3.2.  Restrictions  dues  a  la  con sommat i on 

Utilise  comme  seul  moyen  de  pilotage,  le  PIF  volt  son  domaine  d ' uti 1 1 sati on  limite  par 
sa  consummation  en  poudre.  En  particulier  dans  le  cas  d'un  generateur  de  gaz  associe  4 
une  distribution  par  tuyeres,  la  consommation  est  la  meme,que  la  manoeuvre  demandee 
soit  nulle  ou  maximale. 

La  posslblllte  de  recourlr  au  pilotage  PIF  pour  une  mission  depend  done  de  la  valeur 
souhaltee  pour  la  quantity  (n.tp)  avec, 

n  =  nomfcre  de  g  necessaire  a  la  mission 

tp  =  duree  du  vol  pilot4. 

La  valeur  acceptable  de  ce  critere  depend  : 

-  du  type  de  pilotage  retenu  :  le  pilotage  d'un  missile  en  autorotation  4  un  plan  de 
commande  est  environ  30  t  plus  economique  qu'un  pilotage  sur  deux  plans, 

-  de  la  participation  du  PIF  a  la  propulsion,  la  rentabilite  globale  etant  alors 

d'autant  meilleure  que  le  missile  est  plus  rapide. 

Elle  peut  varier  d'une  dlzalr.e  de  g  x  s  (sans  participation  a  la  propulsion)  a  quelques 
di zai nes  de  g  x  s . 

Ces  valeurs  peuvent  cependant  etre  relev§es  si  un  pilotage  en  PIF  pur  n'est  pas 

neces'.aire  pendant  toutes  les  phases  de  la  mission.  II  reste, dans  ce  cas,poss1ble  de 
faire  participer  1  '  aferodynami que  aux  manoeuvres  en  dScalant  15g4rement  le  point 
d ' appl 1 catl on  de  la  force  PIF  vers  I'avant  du  missile  (pilotage  en  PIF  canard). 

2.4.  Intferet,  limitations  et  domaine  d ' appl i cat i on  du  pilotage  PIF 

L'lntyret  du  pilotage  PIF  reside  d'abord  dans  la  rapidity  de  sa  r6ponse  et  sa  faible 
dSpendance  des  conditions  de  vol.  On  peut  y  ajouter  la  simplicity  du  pilote  automatlque 
et  un  bilan  de  trainee  favorable  (pas  ou  peu  de  trainee  induite  par  les  manoeuvres, 
surfaces  portantes  reduites  4  de  simples  st ab 1 1 i sateurs ) . 

La  limitation  essentielle  du  PIF  reside  dans  sa  capacity  en  "n.tp"  limltee,  et 
1 ' i mpossi bi 1 i te  d'utiliser  le  missile  apr4s  sa  phase  propulsee.  De  plus  la  difficulty 

de  controler  simplement  le  roulis  par  les  jets,  restreint,  de  fait,  1'usage  du  PIF  a 

des  missiles  travaillant  en  autorotation  de  roulis.  Enfin,  11  ne  faut  pas  ndgliger  les 
contraintes  que  la  presence  du  PIF  impose  a  la  definition  du  missile,  en  particulier  a 
cause  : 


a'  de  1 ‘obligation  d'une  faible  variation  du  centre  de  gravite 

b)  des  effets  d ' i nteracti on  crees  par  le  jet. 

II  en  resulte  que  le  PIF  est  bien  adapte  4  des  missions  antichar  ou  sol-air  a  tres 
courte  portee.  Cette  dernere  application,  qui  represente  la  limite  pratique 
d ' ut 1 1 i s at i on  du  PIF  pur,  correspondra i t  typiquement  a  un  missile  (figure  n‘  8)  d'une 
quinzaine  de  kilos.  en  autorotation  de  roulis,  et  guide  a  1 'aide  d'un  autodi recteur 
i nf rarouge . 


accelerateur  generateur  de  gaz  charge  militaire 


commutateur  Pilote  Adir 


Figure  8  SATCP  pilote  en  force 


Son  pilotage  est  rialls#  par  un  plan  de  tuytres  commutables,  la  distribution  dans 
1'espace  4tant  effectute  par  la  rotation  en  roulls. 

Le  pilotage  en  croisISre  est  du  type  PIF  pur.  Pendant  la  phase  acc616r6e,  11  est  du 
type  PIF  "canard"  de  manlire  4  assurer  le  controle  4  tris  basse  vltesse  ce  qui  amSliore 
le  comportement  4  trSs  courte  portSe  par  rapport  4  un  missile  4  pilotage  atrodynami que . 

Le  vltesse  du  missile  est,  aprds  la  phase  d 1 acc6 1 4rat 1  on ,  maintenue  supersonlque  grace 
t  1 ' 1 ncl 1 nal son  des  tuyAres  PIF  vers  1'arrlAre  d'un  angle  volsln  de  20°. 


3.  LE  PILOTAGE  HIXTE  P1F-PAF 

On  peut  Atendre  le  donalne  d' appl Icatlon  du  pilotage  PIF  ai-delA  de  ce  qui  a  AtA  dlt 
prAcAdemment  J  condition  de  le  mettre  en  oeuvre  seulemem  dans  la  phase  finale  du 
guldage  et  de  l'assocler  4  un  pilotage  aArodynaml que .  On  dispose  ainsl  d'un  pllote 
automatlque  ayant,  en  finale,  une  capadtA  de  manoeuvre  accrue  (somme  de  la 
manoeuvrabl 1 Iti  aArodynaml que  et  PIF)  et  bAnAflclart  du  trAs  falble  temps  de  reaction 
du  PIF. 

3,1.  Principe  d'un  pllote  PIF- P AF 

Le  prlncIpe  dAcrlt  est  essentl el lement.  adapts  au  pilotage  d'un  missile  autoguldA.  Dans 
ce  type  de  guldage; 1 'effet  dAfavoraule  du  retard  du  pllote  automatlque  provlent  du 
tralnaae  qu'11  Indult  entre  la  commande  et  1 'execution  de  l'ordre.  La  solution  la  plus 
naturelle  pour  rAallsir  une  association  PIF-PAF  consists  done  4  proflter  de  la  rapidity 
d'exAcutlon  du  PIF  pour  combler  I'erreur  dynamlque  de  1 ' asservl ssement  PAF.  En  d'autres 
termes  le  PIF  dolt  travalller  en  vernier  sur  I'erreur  du  PAF.  Pans  ce  mode  de 
f onct 1 onnement  1°  niveau  de  manoeuvre  PIF  nAcessalre  peut  Atre  modArA,  -e  qui  rend  le 
systAme  satlsfal  ant  au  plan  des  masses. 

Le  schAma  thAorique  correspondant  4  un  fonct 1 onnement  en  vernier  est  le  suivant  : 


Dans  1#  domelne  Hntalre  la  fonctlon  de  transfert  du  pllote  mlxte  s'Acrlt 


F  ( s )  >  G  ( s )  - 

F  ( s  )  G  is) 

So  1 1  encore  avec  ; 

:  F  ft  ■ 

A 

G  Is)  -  1 

1  *■  a,  S  -t-a,  $»■♦..., 

1  +  b,  S  +  bt  a1  + 

Tk  T  j  4-  (  o,  +  (ai  +  bt)  s1  + . 

°»  0  +  +  -X1*  bi8  +  *1  sl* 


ce  qui  montre  que  le  tralnage  en  presence  d'un  Achelon  de  vltesse  est  annulA  en  rAglme 
permanant  et  d'eutant  plus  falble  en  rAglme  transltolre  que  le  terme  a^.b^  est  falble, 
c 1 est-4-dl re  que  le  retard  du  PIF  est  falble. 

II  est  dalr  par  alllfeurs  que  la  capacity  totale  d'exAcutlon  du  pllote  est  bien  la 
somme  de  capacltfcs  1  nd  1  v  1  due  1  1  es  de  ses  deux  constituents. 

Un  schAma  de  prlncIpe  du  Pllote  Automatlque  est  donnA  par  la  figure  10.  On  y  trouve, 
outre  le  structure  d'un  pllote  aArody naml que  adapts  4  1 ’ autogul daae  (dr.  3) 

-  Un  dlsposltlf  de  commande  du  PIF 


•  Un  "est Imateur"  Impost  par  1'lncapacltA  des  senseurs  a  distinguer  la  participation 
respective  du  PIF  et  du  PAF  dans  le  mouvement  d'ensemble. 


Figure  11  :  Reponse  d'un  pilote  P1F-PAF  a  un  echelon  de  vltesse 
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Le  dlsposltlf  de  commande  du  PIF  est  constltui  d'un  gSrirateur  de  signaux  modules  en 
duree  part i cul 1 firement  blen  adapts  4  une  commande  en  +■  et  -  des  commutateurs .  II  peut 
comporter  un  effet  d 1  IntSgratl on  Svltant,  en  particular  en  presence  de  bruits,  gue  des 
Impulsions  de  commande  trop  brSves  ne  vlennent  solllclter  la  partle  micanlque  de  la 
deviation  de  jet. 

L'estlmateur  permet  de  restituer,  4  partlr  d'un  module  et  de  mesures,  i e s  accelerations 
f*P I F  et  ^  PAF  alnsl  que  l'erreur  d'exScutlon  ( Og  -  ^PAF)  de  la  partle  aerodynamlque 
du  p 1 1 ote . 

Les  Informations  nScessalres  sont  la  presslon  P  du  g4n4rateur  de  g d z  et  le  signal 
accSierometrlque  Sa.  La  mesure  de  la  position  du  commutateur  (Xc)  pourralt  Stre 
envisagee  mals  peut  Stre  remplacSe  par  la  reponse  d'un  modele  aux  slgnaux  d'ordres. 

La  connalssance  de  ces  elements  permet  de  calculer  les  termes  souhai tis, sol t  : 

rpiF  = 

Remarques 

a)  la  presence  du  coefficient  P,  en  facteur  dans  1'expresslon  de  TPIF  rend  le  systSme 
autoadaptatl f  aux  variations  Sventuelles  de  debit  du  gfenferateur  de  gaz, 

b)  une  estimation  de  §  PIF  seralt  possible  mals  n'est  pas  indispensable  dans  la 
pratique . 

Sollicite  par  une  entree  en  echelon  de  vltesse,  un  pllote,  de  la  definition  pr4c4dente, 
repond  sans  erreur  de  trainage.  Son  comportement  est  visualise  sur  la  figure  11  dans  le 
cas  d'un  PIF  commande  en  +  et 


X  P  X< 


^TVat 


I4,  PAF  -  Og  =  Sa  -  f*PIF  -  Og 


3.2.  Influence  du  dl mens  1 onnement  du  PIF 

Du  fait  de  son  mode  de  travail  en  vernier  sur  l'erreur  du  PAF,  le  niveau  necessalre  du 
PIF  reste  mod£r£;  de  plus  son  action  peut  etre  limltee  aux  dernlers  Instants  du  guldage 
ce  qui  rend  son  emploi  satisfalsant  au  plan  des  masses. 


Dans  le  cas  de  la  navigation  proportioned le  classlque,  une  regie  satl sf al sante  est  que 
la  capacity  de  manoeuvre  du  defenseur  soit  d'envlron  3  fois  celle  de  l'attaquant.  Dans 
le  cas  du  PIF  la  regie  correspondante  est  que  son  potentlel  de  manoeuvre  soit  de 
l'ordre  de  grandeur  de  celul  du  but  et  son  temps  d'actlon  d'envlron  445  constantes  de 
temps  (Tg)  du  missile  guide  et  pllote  en  PAF  seul.  Cette  regie,  qui  r6sulte  de 
simulations  completes  d  '  i  ntercept 1 ons ,  peut  s  ‘  1  nterprfeter  comme  suit  le  PIF  dolt 
combler  l'erreur  de  trainage  du  PAF  lorsqu'une  perturbation  est  susceptible  de  creer 
une  distance  de  passage  Importante,  c'est-4-dlre  lorsqu'elle  survlent  peu  avant  la  fin 
du  guldage.  Dans  le  cas  d'une  manoeuvre  du  but  et  de  la  navigation  proportl onne  1  le 
(N'*3),  cette  erreur  de  trainage  prend  la  forme  :3  W  rg.Tpof/(TvT^)  ,  Tpaf  ttant  la 
constante  de  temps  du  pllote  aerodynamlque,  et  k  un  coefficient  allant  de  1  4  2  selon 
le  type  de  manoeuvre  (permanente  ou  alternAe)  du  but.  La  distance  de  passage  qui  en 
resulteralt,  en  l'absence  de  PIF,  seralt  maximale  pour  n  compris  entre  3  et  5.  II  faut 
done  que  TPIF  =  3  h  r^.Tpaf/(3  Tg),  ce  qui,  pour  les  valeurs  courantes  de  Tpaf/Tg 
conduit  4  un  niveau  PIF  un  peu  Inferleur  4  fg. 


Dans  ces  conditions,  l'lmpulslon  totale  nScessaire  du  dlsposltlf  de  pilotage  PIF  est  de 
l'ordre  de  grandeur  de  la  dlzalne  de  g  x  s,  c'est-4-dlre  physiquement  realisable. 


Afln  de  prAcIser  la  validity  de  la  regie  TPIF  sc  TBut,  les  figures  n’  12  et  13 
pr4sentent.  les  distances  de  pas  sages/ 1  ndul  tes  ,  en  navigation  proportlonnel le  classlque 
(N'*4),  par  une  manoeuvre  en  heiice  du  but  de  pArlode  Tg  et  pour  queloues  valeurs  de 

rp IF /  TBut. 


Figure  12 


F 1 gure  1  3 


Ainsi,  opoos4  a  un  hostile  manoeuvrant  4  iOg  4  la  pferiode  TB  =  2,5s  environ,  un  missile 
PIF-PAF  autorlsera  une  distance  de  passage  1nf§rieure  a  2m  cor.tre  plus  de  20m  pour  un 
missile  guldS  c 1  as  si  quement  (Tg  *  0,25s). 

Oans  le  meme  esprit  la  figure  14  donne,  en  fonction  de  la  dur§e  de  guidage  tg,  normfe 
par  Tg,  la  distance  de  passage  cr4ee  par  une  erreur  angulaire  de  pointage  initial  . 
La  presence  du  P1F  permet  de  r4duire  dans  un  rapport  de  l'ordre  de  2  le  temps 
nfccessaire  pour  corriger  ce  type  d'erreur. 


Figure  14  :  Correction  d'un  dipointage  initial 


En  presence  de  bruits  les  conclusions  pr6c4dentes  restent  valables  en  moyenne.  Pour  ce 
qul  concerne  la  composante  de  la  distance  de  passage  due  aux  bruits  (thermique,  glint 
...)  le  PIF-PAF  n'apporte  par  contre  pas  d ' am6 1 1  or  at  1  on  sensible,  l'effet  de  certains 
d'eux  ayant  tendance  4  auymenter,  d'autres  4  diminuer,  pour  un  rSsultat  d'ensemble 
peu  changf. 

3.3.  Apport  du  pilote  PIF-PAF 

L'adaptation  d'un  pilote  PIF-PAF  4  un  missile  autoguidg  permet  : 

-  Une  reduction  Importante  de  la  distance  de  passage  en  presence  des  cibles  difficiles 
et  en  partlculler  tres  manoeuvrantes . 

-  Une  augmentation  du  domalne  d'emploi  d'un  missile  tant  en  portfee  qu'en  altitude,  le 
PIF  permettant  de  compenser  une  perte  de  performances  du  pilote  aerodynami que  aux 
faibles  pressions  dynamiques. 

La  Justification  £conomique  du  PIF  se  trouve  dans  1 ' augment  at  1  on  des  performances  de  la 
menace,  ce  qui  rend  “rentable"  un  1 nvest 1 ssement  dans  le  reflexe  plutdt  que  dans  la 
masse  de  la  charge  mllltaire. 

3.4.  Exempies  de  concepts  de  sol- a  1 r  PIF - PAF 

Le  principe  du  pilotage  PIF-PAF  peut  se  coricevoir  dans  le  cadre  d'un  certain  nombre  de 
missions  et,  en  pa r  1 1  c  ul  1  e  r  ,  dans  les  deux  exempies  type  sulva.its 

-  Missile  sol-air  courte  portae  (a  booster  largable,  done  bi -Stage )  pri nci palement 
destine  a  intercepter  des  missiles  assaillants  a  grande  vitesse  (M  >2)  et  a  forte 
capacity  de  manoeuvres  (  >10g). 

Missile  monoetage  a  plus  grand  rayon  d'action  (sol-air  moyenne  port ee )  dont 
l'objectif  est  1 ' 1 nterception  des  avions  attaquant  en  formation  serrfce  dans  une 
ambiance  ECM  severe  et  celle  des  missiles  air-sol  ou  sol-sol  tactiques. 

3.4.1.  Missile  bi-fetage 


Ce  missile,  tire  a  la  verticale  pour  assurer  avec  un  temps  de  reaction  tres  court  une 
couverture  tout  azimut,  est  acceiere  pour  acteindre  une  vitesse  de  l'ordre  de  Mach  2  4 
3  avant  separation  du  booster. 
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Compte  tenu  des  exigences  de  courtes  portees,  en  particulier  dans  le  cas  de 
reengagements  successifs,  ie  vecteur  vltesse  est  ramen£  4  1 ’ horl zont al e  pendant  la 
phase  composite. 

Peu  apres  separation  de  son  acce 1 er a teur ,  le  missile,  stabilise  en  roulis,  est  guide 
vers  la  clble  grlce  4  un  autodl recteur  actlf. 

En  fin  de  guidage,  le  pilotage  PIF  vient  asslster  un  pllote  aerodynaml que  4  fort 
potentiel  de  manoeuvrabl 1 1 16,  pour  assurer  une  precision  d  ‘  1  ntercept 1  on  telle  qu'une 
charge  milltaire  de  masse  et  dimensions  mod§r6es  assure  la  destruction  structurale  de 
la  clble. 


equipements  4  4  tuyeres 


Figure  15  :  SACP  Antimissile 


Avec  la  technologle  actuellement  dlsponlble  un  tel  missile  repond  aux  exigences 
d '  1 nterceptl on  des  assaillants  les  plus  severes  previsibles  dans  les  decennies  i 
veni r . 

3.4.2.  Missile  monoetage 

Le  prlncIpe  de  pilotage  PIF-PAF  est  6ga'ement  applicable  4  un  . issile  de  plus  longue 
portee  (SAMP),  propulse  par  un  statoreacteur  dont  la  chambre  de  combustion  est  occupee, 
pendant  les  premieres  secondes  de  vol ,  par  le  bloc  de  poudre  du  propulseur 
d '  acceleration . 

Ce  missile  monoetage  (figure  16  )  est  tire  solt  4  la  vertlcale  (couverture  tout 

azlmut),  solt  sur  rampe  Incllnee  (couverture  sectorl el  1 e ) .  Son  booster  l'amAne  au  Mach 
de  fonctlonnement  du  statoreacteur. 


Figure  16  :  SAMP  -  PIF-PAF 


le  disposltlf  PIF  est  Intercaie  entre  le  g6n6rateur  du  statoreacteur  et  sa  chambre  de 
combustion  pour  etre  le  plus  voisin  possible  du  centre  de  gravite.  Ce  dispositif 
apporte  au  SAMP  un  certain  nombre  d'avantages  suppl ement al res  lies  au  domaine  d'emplol 
et  aux  missions  de  ce  type  de  missiles  : 

-  A  haute  altitude,  le  facteur  de  charge  aerodynarr.ique  dlminue  sensible  me  nt  alors  que 
le  facteur  de  charge  PIF  conserve  la  m£me  valeur.  Ce  supplement  de  manoeuvrabl 1 1 te  est 
acquis  sans  prise  d'inctdence,  ce  qul  est  favorable  au  fonctlonnement  des  entrees  d'air 
et  n'accentue  pas  la  sensiblllte  aux  aberrations. 

-  Face  a  une  attaque  constltuee  d'avions  en  formation  serree  et  de  brouilleurs 
pulssants,  la  sortie  de  la  sphere  de  brouillage  s 1  effectue,dans  bier  des  cas,au  dernier 
moment  :  un  dispositif  aglssant  par  forces  directes,  c'est-a-dire  quasi  instantanement , 
se  riveie  dans  ce  cas  tres  interessant  pour  corriger  rapldement  la  trajectolre. 


4.  CONCLUSION 


Nous  avons  d!crit,  au  cours  de  cet  exposy,  un  nouveau  principe  de  pilotage  et  essayy  de 
montrer  son  1nt!ret  pour  l'attaque  des  cibles  aSriennes. 

La  nAcessity  de  prAvoir  une  capacity  antimissile  pour  les  armes  ant  1 aAr i ennes  de  demain 
donne  4  ce  concept  une  importance  accrue.  Les  cibles  futures,  supersonlques  tr!  s 
manoeuvrantes  nAcessitent  au  niveau  du  missile  defenseur  a  la  fois  une  forte 
manoeuvrability  et  un  temps  de  rAponse  trAs  court. 

Ces  quality;  peuvent  etre  obtenues  en  alltant  un  pilotage  ayrodynami que  classlque  et  un 
pilotage  par  jets  au  centre  de  gravity.  Elies  permettent  de  conserver  des  dimensions 
raisonnables  4  la  charge  militaire,  et  done  au  missile,  en  conduisant  4  de  faibles 
distances  de  passage,  quelle  que  soit  1'esqulve  de  I'objectif. 

L'appllcatlon  de  ces  idyes  a  entrain!  la  necessity  d1  ytudes  pouss!es  tant  de  la 
technologie  des  disposltifs  de  commande  par  jets,  que  de  1 1 i nt!racti on  de  ces  jets  avec 
1  '  ayrodynami que  externe  d'un  missile.  Les  r!sultats  obtenus  confortent  1  1 Ayrospati al e 
dans  sa  d!clsion  de  poursuivre  le  dAveloppement  de  ce  systAme. 
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ABSTRACT 


The  US  Army  Missile  Command's  use  of  seeker-ln-the-loop  real-time  simulation  In  the  development  of 
surface-to-air  missile  systems  Is  discussed.  Material  Is  presented  to  show  that  seeker-ln-the-loop  simu¬ 
lation  makes  a  very  positive  contribution  In  the  context  of  the  current  constraints  on  weapon  system 
development,  such  as  limited  resources,  the  requirement  for  convincing  system  demonstrations ,  and  the 
requirement  for  evaluation  In  a  realistic  environment  Including  electromagnetic  countermeasures  and  coun¬ 
ter-countermeasures.  The  present  facilities  and  capabilities  for  such  simulation  In  the  radiofrequency, 
nonimaging  Infrared  and  electro-optical  bands  are  described  and  discussed.  Examples  of  recent  simulation 
results  and  their  contribution  to  cost-effective  system  development  are  presented.  Finally,  developing 
technology  In  this  critical  simulation  area  and  the  US  Army's  plans  for  future  Increased  simulator  capa¬ 
bility  are  addressed.  In  particular,  such  topics  as  the  development  of  multimode  or  multlspectrum.  Imag¬ 
ing  Infrared,  and  millimeter  wave  simulators  are  discussed. 


INTRODUCTION 


Current  procedures  for  acquiring  and  supporting  weapon  systems  require  that  key  program  and  technical 
decisions  be  made  at  specific  milestones.  Recent  actions  to  streamline  and  shorten  the  acquisition 
process  accentuate  the  need  for  reliable  and  timely  data  on  which  to  base  these  decisions.  An  Increas¬ 
ingly  Important  and  valuable  source  of  Information  for  making  such  decisions  Is  seeker-ln-the-loop  simu¬ 
lation.  In  this  type  of  simulation,  the  seeker  Is  mounted  on  a  computer  controlled  flight  table  and 
realistic  target/environmental  signals  are  radiated  from  a  computer  controlled  target  array  In  a  scenar¬ 
io  which  closely  emulates  real  world  conditions.  The  seeker/target  miss  distance  and  detailed  seeker 
and  environmental /target  data  are  observed  In  real-time  and  recorded  for  subsequent  analysis  for  each 
engagement. 

The  US  Army  Missile  Command  has  been  a  pioneer  In  providing  state-of-the-art  technology  for  such  non¬ 
destructive  simulation  of  missile  systems  and  continues  as  a  technology  leader  In  this  field.  The 
Advanced  Simulation  Center,  developed  by  the  US  Army  Missile  Laboratory,  performs  simulations  across  a 
wide  band  of  the  electromagnetic  spectrum,  Including  radiofrequency  for  weapons  such  as  air  defense 
systems.  Infrared  tor  weapons  such  as  man-portable  and  mobile  air  defense  systems,  and  electro-optical 
for  weapons  Involving  fiber  optics  guidance  and  systems  using  tracer  overlays. 

The  seeker-ln-the-loop  simulation  evaluates  critical  hardware  and  software  elements  as  well  as  the 
simulated  components  of  the  m1ss'l»  In  realistic,  dynamic  environments.  It  Increases  the  value  of  flight 
test  programs  by  replicating  the  flight  test  scenario  In  preflight  and  postflight  analyses.  In  turn,  the 
flight  test  program  Is  used  to  validate  the  seeker-in-the-loop  simulation  as  well  as  digital  or  hybrid 
simulations.  When  properly  Integrated  Into  an  overall  test  and  evaluation  program,  these  simulations 
provide  a  cost-effective  source  of  reliable  data  to  reduce  the  risk  and  uncertainty  In  system  performance 
and  to  Improve  management  decision-making  over  the  entire  missile  system  life  cycle. 

Resource  management  and  technical  constraints  In  developing  today's  missile  systems  require  that  a 
set  of  simulations  be  established  and  used  In  developing  and  fielding  each  missile  system.  Many  program 
development  offices  have  recognized  this  requirement  and  provide  funds  at  the  beginning  of  the  develop¬ 
ment  program  tc  establish  the  appropriate  set  of  simulations  as  early  as  possible.  The  simulation  set 
can  then  be  usei  *'L.  wghout  the  life  of  the  weapon  system.  Requirements  driving  simulation  use  Include 
the  following: 

o  Improved  cost-effectiveness 
o  Reduced  risk  and  uncertainty 
o  Convincing  system  demonstration 

o  Confident  performance  evaluation  to  optimize  warhead  size  and  deployment  strategies 
o  On-schedule  deployment 
o  Quick  response  to  threat  changes. 

Ideally,  the  set  of  system  simulations  are  established  during  the  technology-base  or  technology-transfer 
phases  of  each  missile  system  life  cycle  and  are  maintained  and  used  throughout  System  development, 
production,  and  deployment. 

The  simulations  selected  for  a  particular  system  supplement  and  complement  the  more  traditional  tools 
available  for  the  assessment  of  weapon  system  performance.  As  a  result  of  early  guided  missiles  being 
tested  primarily  In  the  field,  flight  testing  became  a  mature  engineering  discipline.  However,  for  both 
scientific  and  fiscal  reasons,  the  performance  of  today's  multimode,  nul tlfunctlon  guided  missiles  cannot 
be  adequately  assessed  by  flight  tests  alone.  In  particular,  comple-;  systems  performing  many  functions 
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require  testing  In  a  controlled  envirorment  to  determine  response  sensitivity  to  various  stimuli. 
Acquiring  such  data  In  field  testing  Is  essentially  Impossible  due  to  specific  terrain  features  and 
system-to-system  variation.  Additionally,  the  high  cost  and  technical  complexity  of  flight  testing  today 
precludes  the  number  of  experiments  required  to  exercise  an  adequate  envelope  of  system  parameters  to 
collect  statistical  data,  to  demonstrate  repeatability  (an  essential  factor  In  system  reliability), 
and  to  evaluate  proof-of-concept.  The  cost-effective  solution  Is  a  balanced  mix  of  flight  tests  and 
simulation.  This  may  Include  all-analytical  digital,  hybrid,  seeker-ln-the-loop,  or  man-ln-the-loop 
simulations. 


SEEKER- IN- THE-LOOP  SIMULATION  FACILITIES 


Development  of  the  Advanced  Simulation  Center  capability  was  Initiated  In  the  late  1960 ‘ s  .n  response 
to  a  US  Army  Missile  Command  requirement  for  an  Army-wide  source  of  expertise  and  capabilities  In  large 
scale  seeker-1 n-the-1 oop  simulations.  Since  activation  In  1975  the  Advanced  Simulation  Center  has  devel¬ 
oped  over  150  large-scale  all-digital,  hybrid,  hardware-ln-the-loop,  and  man-in-the-loop  system  simula¬ 
tions.  The  primary  user  has  been  the  US  Army  Missile  Command,  but  users  have  Included  many  other  Army, 
Navy,  and  Air  Force  organizations.  Simulations  are  accomplished  by  Individual  or  combined  use  of  the 
advanced  simulation  processor  complex,  the  Infrared  simulation  system,  the  electro-optical  simulation 
system,  and  the  radiofrequency  simulation  system  In  a  real-time  dynamic  environment. 

The  advanced  simulation  processor  complex.  Figure  2-1,  provides  high-speed,  large-memory  processors 
to  support  hardware-ln-the-loop  simulations  within  the  complex  and  seeker-ln-the-loop  simulations  In  the 
Infrared,  electro-optical,  and  radiofrequency  simulators;  to  simulate  large  systems  In  eP-dlgltal  or 
hybrid  representation;  and  to  conduct  research  on  advanced  processors.  The  advanced  simulation  processor 
complex  consists  of  large  scale  digital  and  analog  processors  with  capabilities  of  500  million  to  one 
billion  operations  per  second;  a  separate  test  bed  for  advanced  processor  research;  direct  digital  and 
analog  data  links  to  the  Infrared,  electro-optical,  and  radiofrequency  simulators;  and  a  highly  effective 
special -design  Interconnection  and  setup  subsystem.  An  advanced  software  operating  system  Integrates  the 
real-time  digital  processor,  hybrid  compiler,  vector  processors,  high  speed  multivariant  function  genera¬ 
tors,  hardware  and  software  interfaces  and  the  high  level  simulation  language  required  for  seeker-ln-the- 
loop  system  simulation. 
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FIGURE  2-1  ADVANCED  SIMULATION  PROCESSOR  COMPLEX 
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The  Infrared  simulation  system,  Figure  2-2,  provides  a  simulation  tool  for  the  design,  development, 
and  evaluation  of  Infrared  sensor  systems  applicable  to  surface-to-air,  air-to-air,  and  alr-to-surface 
missiles.  Sensors  In  the  0.2  to  0.4  and  1.0  to  5.0  micron  bands  are  hybrid  computer  controlled  In  six 
degrees-of-freedom  during  the  target  engagement  sequence.  A  glmballed  flight  table  provides  pitch,  yaw, 
and  roll  movements  to  the  sensor  airframe.  A  target  generator  simulates  a  variety  of  Infrared  target/ 
background  combinations  which  Include  tailpipes,  plumes,  flares,  and  fuselages  In  single  or  multiple 
displays  against  overcast  or  clear  skies  under  various  lighting  conditions.  These  are  displayed  In 
azimuth,  elevation,  and  range  at  the  proper  aspect  by  the  target  projection  subsystem  through  a  folded 
ontlcal  network,  a  display  arm,  and  a  display  mirror.  Simulation  capability  ranges  from  open-loop  com¬ 
ponent  evaluation  to  closed-loop  total  system  simulation  with  countermeasures.  The  infrared  simulation 
system  capability  Is  summarized  in  Figure  2-3. 

The  electro-optical  simulation  system,  Figure  2-4,  provides  realistic  and  precisely  controlled  envi¬ 
ronments  for  the  nondestructive  simulation  of  a  wide  variety  of  ultraviolet,  visible,  and  near  infrared 
sensor  systems.  Actual  sensors  are  hybrid  computer  controlled  In  six  degrees-of- freedom  while  viewing 
targets  under  controlled  Illumination  levels  In  an  Indoor  simulation  chamber  and  under  ambient  conditions 
on  an  outdoor  simulation  range.  Three-dimensional  target  simulation  Is  provided  on  a  32  foot  by  32  foot 
torraln/target  model /transporter  which  features  a  variety  of  topographical  and  man-made  complexes  at 
600:1  and  300:1  scales,  removable  model  sections,  and  fixed  and  moving  targets.  Amoving  projection  sub¬ 
system  provides  two-dimensional  representation.  A  glmballed  flight  table  which  provides  pitch,  yaw,  and 
roll  movements  to  the  sensor  airframe  Is  attached  to  a  transport  which  moves  vertically  and  laterally. 
Either  the  terrain/target  model  or  the  two-dimensional  projection  subsystem  Is  moved  toward  the  flight 
table  to  provide  the  sixth  degree-of-freedom.  An  adjacent  high  resolution  TV/joystick  console  and  heli¬ 
copter  crew  station  provide  a  means  of  evaluating  man-ln-the-loop  guidance  and  target  acquisition  con¬ 
cepts.  The  electro-optical  simulation  system  capability  Is  summarized  In  Figure  2-3. 

The  radiofrequency  simulation  system.  Figure  2-5,  provides  launch  to  Intercept  seeker-ln-the-loop 
simulation  of  passive,  semiactive,  coherent  and  noncoherent  active,  command,  beam  rider.  Imaging  and 
track-via-mlssile  missile  systems  In  surface-to-air,  air-to-air,  alr-to-surface,  and  surface-to-surface 
engagements.  Engagement  scenarios  Include  the  use  of  multiple  targets  and  jamming  signals  generated  by 
actual  janroers  In  the  loop  and  the  simulation  of  distributed  clutter,  targets  distributed  In  range  and 
angle,  multipath,  glint,  and  scintillation  phenomena.  Simulation  In  the  radfofrequency  simulation  systan 
Is  accomplished  by  radiating  at  operating  wavelengths  within  a  shielded  anecholc  chamber  to  a  hardware 
seeker  functioning  In  a  dynamically  simulated  missile-target  engagement.  The  electromagnetic  environment 
for  the  seeker  signal  processor  Is  simulated  by  means  of  a  computer  controlled  raoiofrequency  signal 
generation  system  which  feeds  radiofrequency  signals  to  the  target  and  electromagnetic  countermeasures 
antenna  arrays.  The  targets,  controllable  In  time,  space,  frequency,  amplitude,  polarization,  phase,  and 
number,  are  presented  on  a  534-element  array  of  antennas  representing  a  42*  field  of  view.  Up  to  four 
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FIGURE  2-2  INFRARED  SIMULATION  SYSTEM 


Independent  targets  can  be  generated  and  displayed  simultaneously  In  the  2-  to  18- GHz  range.  By  means  of 
coaxial  cable  and  wave  guide  paths  between  the  radiofrequency  signal  generation  system  and  the  guidance 
sensor,  simulated  downlink,  uplink  and  fuzing  signals  may  be  passed  between  the  guidance  sensor  and  the 
radiofrequency  generation  system.  In  addition  to  the  target  antenna  array,  two  denial  electronic  coun¬ 
termeasures  channels  feed  16  electromagnetic  countermeasures  antennas  distributed  among  the  target 
antennas  to  display  up  to  two  electromagnetic  countermeasures  signals  for  simulating  stand-off  jammers. 
Electromagnetic  countermeasures  signals,  generated  by  actual  jammers  or  emulated  with  a  radiofrequency 
generation  channel,  can  be  dynamically  colocated  on  the  target  signal  through  the  use  of  a  separate 
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FIGURE  2-3  ADVANCED  SIMULATION  CENTER  CAPABILITIES  SUMMARY 
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FIGURE  2-4  ELECTRO-OPTICAL  SIMULATION  SYSTEM 
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FIGURE  2-5  RADIOFREQUENCY  SIMULATION  SYSTEM 


target  channel  to  simulate  an  on-board  self-screening  or  deceptive  jammer.  Expendable  and  escort  screen¬ 
ing  jamners  can  be  simulated  In  a  similar  manner  with  separate  dynamic  trajectory  control.  The  missile- 
target  relative  motion  Is  accomplished  by  controlling  the  target  return  signal  In  angle  and  range  and  by 
seeker  angular  motion  provided  by  the  flight  table.  The  radiofrequency  simulation  system  capability  Is 
summarized  In  Figure  2-3. 

In  addition  to  the  Advanced  Simulation  Center  laboratory  hardware  facilities,  two  other  elements 
contribute  to  the  simulation  capability:  The  extensive  software  programs  now  available  at  the  Advanced 
Simulation  Center  and  the  experienced  technical  staff,  our  most  valuable  asset.  Some  2S0  major  special- 
purpose  software  programs  and  techniques  now  exist  at  the  Advanced  Simulation  Center.  About  one-fourth 
were  developed  prior  to  activation;  the  remainder  evolved  over  eight  to  ten  years  of  simulation  operation 
as  simulation  experience  Increased  and  new  equipment  and  capability  were  added.  An  example  of  a  special- 
purpose  software  program  Is  the  computer-based  path-loss/path-length  program  In  the  radiofrequency  simu¬ 
lator.  This  program  statuses  the  path  length  and  path  energy  loss  of  the  very  large  number  of  paths  that 
the  target  signal  may  traverse  from  Its  crystal  source  to  free  space  radiation  from  one  of  four  ports  of 
any  of  the  5S0  target  array  antennas.  This  statuslng  Is  required  for  many  simulations  because  It  Is 
desirable  to  keep  all  path  lengths  to  ±  1.5  wave  lengths  and  the  energy  loss  variation  from  antenna  to 
antenna  less  than  i  1  db.  Such  a  status  Is  Impossible  to  assess  manually.  The  special-purpose  program 
that  handles  this  task  automatically  assess  all  possible  path-loss/path-length  measurements  and  Indicates 
by  a  graphics  display  the  antennas  where  the  path-loss/path-length  values  fall  to  meet  the  specified 
value.  Technicians  then  change  out  elements  In  the  path  Identified  (using  sub-programs  to  Identify  the 
likely  element)  until  all  paths  are  within  specification.  Some  400  man  years  of  development  and  checkout 
are  now  Invested  In  such  software  programs.  These  programs  p-ovlde  laboratory  control  of  all  standard 
functions  such  as  target  motion,  calibrations  such  as  flight  table  readiness  tests,  diagnostics  for  com¬ 
plex  systems  such  as  the  master/minicomputer  interfaces,  simulation  aids  such  as  real-time  graphics,  and 
simulation  dependent  software  such  as  executive  control,  missile  models  and  environmental  models. 

Simulation  development,  operations,  maintenance,  and  system  improvements  at  the  Advanced  Simulation 
Center  are  handled  by  a  technical  staff  of  over  100  engineers  and  technicians  composed  of  Government  and 
support  contractor  personnel.  The  principal  engineering  discipline  Is  electronic  engineering.  The 
Advanced  Simulation  Center  technical  staff  was  developed  over  the  past  eight  to  ten  years  by  careful 
selection  and,  as  It  now  exists.  Is  a  national  resource  In  seekcr-ln-the-loop  simulation. 

Planned  expansion  of  the  Advanced  Simulation  Center  Includes  adding  simulators  to  provide  Imaging 
Infrared,  mul tlspectral  ,  millimeter,  additional  radiofrequency  and  weapon  systen  capabilities.  The 
expansion  Is  scheduled  for  incremental  activation  beginning  In  1989.  Prior  to  that  time,  an  interim 
millimeter  facility  will  be  provided  for  use  in  the  1985-91  timeframe.  These  expansions  are  discussed  In 
a  later  section  of  the  paper. 
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SIMULATION  DEVELOPMENT  AND  OPERATIONS 


A  successful  simulation  requires  that  the  customer  and  simulation  developers  have  a  common  definition 
and  agreement  as  to  simulation  goals,  objectives,  and  requirements.  It  Is  Important  that  the  customer 
understands  what  equipment  and  personnel  he  will  provide  and  how  they  will  Interface  with  Advanced  Simu¬ 
lation  Center  counterparts.  A  typical  Advanced  Simulation  Center  simulation  program  Is  conducted  In  five 
phases. 

Phase  I,  the  coordination  and  planning  phase,  starts  through  an  Initial  contact  between  the  potential 
customer  and  appropriate  simulator  personnel.  The  following  goals  and  requirements  are  defined: 

0  Simulation  goals  and  benefits 

0  Technical  characteristics  and  requirements 

0  Simulation  scenario  requirements 
0  Application  of  simulation  results. 

These  goals  and  requirements  are  reviewed  against  the  capability  of  the  Advanced  Simulation  Center. 
Simulation  development  and  operational  schedules  are  discussed  and  an  Initial  cost  estimate  Is  made. 

Phase  II  Is  the  simulation  development  phase.  Ourlng  this  phase,  the  environmental  models,  simula¬ 
tion  scenarios,  software,  environmental  model  Implementation  and  generation,  Interface  controls,  record¬ 
ing  setup,  display  setup,  and  digital  and/or  hybrid  missile  models  are  developed.  Particular  emphasis 
Is  placed  on  the  development,  verification,  Implementation,  and  validation  of  environmental  models  using 
Independent  measurements  and  flight  test  data.  These  models  are  available  In  hierarchies  of  complexity, 
ranging  from  very  simple  to  highly  sophisticated.  Model  hierarchies  allow  the  selection  of  the  appropri¬ 
ate  level  of  environmental  complexity  for  each  seeker,  and  permit  the  determination  of  seeker  sensitivity 
to  elements  of  the  environment  through  systematic  variation  of  model  parameters.  After  selection  of  the 
appropriate  generic  model  additional  work  Is  typically  required  to  tailor  the  model  for  specific  applica¬ 
tion,  select  and  ready  the  specific  data  that  the  model  will  use,  and  check  out  the  data/model  in  real¬ 
time. 

Phase  III,  the  simulation  verification  phase  Integrates  the  facility  simulation  configuration  with 
the  hardware  anJ  support  equipment  provided  by  the  user.  The  user  hardware  Is  Integrated  with  the  facil¬ 
ity  using  the  mlsslle/faclllty  Interface  and  control  panels  provided  by  joint  Advanced  Simulation  Center/ 
user  design.  The  operational  readiness  of  all  software  is  verified,  and  baseline  verification  tests  are 
performed,  culminating  In  measurements  of  the  propagated  electromagnetic  signal  using  both  a  test  receiv¬ 
er  and  cue  seeker-under-test,  finally,  the  missile  guidance  loop  Is  closed  by  a  standard  Advanced  Simu¬ 
lation  Center  procedure  In  which  software  modules  are  replaced  systematically  by  hardware  elements  and 
the  overall  simulation  Is  verified. 

The  simulation  operation  phase  usually  Involves  both  open-  and  closed-loop  simulation.  Open-  or 
closed-loop  simulation  may  be  conducted  with  various  missile  hardware  elements  simulated  by  digital  and/ 
or  analog  models  or  with  various  elements  of  hardware-ln-the-loop.  Seeker-ln-the-loop,  as  used  In  this 
paper,  means  an  actual  seeker  operating  In  a  closed  guidance  loop.  In  closed-loop  simulations,  all  ele¬ 
ments  of  the  missile  system  and  target  are  Included  either  as  hardware  or  as  digital  or  analog  models 
running  In  real-time.  In  open-loop  simulation,  where  the  objective  is  to  characterize  and  evaluate  the 
seeker  as  an  Independent  element,  the  guidance  loop  Is  not  closed.  Seeker-ln-the-loop  simulations  can 
vary  from  using  only  one  missile  hardware  element  In  the  loop  (such  as  the  seeker,  guidance  electronics, 
autopilot,  or  control  system)  to  multiple  missile  elements  plus  actual  Jammers  and  elements  of  the  ground 
radar.  Open-  and  closed-loop  simulations  can  be  simple  or  complex  depending  on  the  fidelity  required  for 
the  modeled  element  or  phenomenon. 

Phase  IV,  the  simulation  operations  phase,  begins  with  open-loop  testing  of  the  seeker.  Periodic 
baseline  tests  are  performed.  Once  the  loop  Is  closed,  statistical  sets  of  6  to  50  runs  are  typically 
performed  for  engagement  scenarios  of  Interest.  Total  closed-loop  runs  for  an  average  program  vary 
from  1000  to  3000,  with  the  number  of  runs  conducted  for  a  given  program  being  determined  by  user  re¬ 
quirements-  The  length  of  the  simulation  operations  phase  Is  usually  estimated  on  the  basis  of  a  dally 
average  of  50  to  100  closed-loop  runs,  based  on  the  experience  of  more  than  60  major  simulations  con¬ 
ducted  to  date.  However,  as  many  as  800  runs  per  day  have  been  accomplished  during  exceptional  simula¬ 
tion  operations. 

Phase  V,  the  validation,  analysis  and  documentation  phase,  accomplishes  data  collection,  validation, 
reproduction,  and  distribution.  A  formal  debriefing  and  an  analysis  or  final  report  are  provided  to  the 
customer. 

A  major  and  continuous  activity,  which  Is  Independent  of  specific  simulation  development,  Is  hard¬ 
ware/software  design  to  Improve  the  overall  simulation  system  and  to  add  new  capabilities  to  maintain  a 
state-of-the-art  capability.  Without  this  well-planned  and  continuous  modification  and  Improvement 
activity,  a  simulator  or  facility  would  be  obsolete  In  three  to  five  years.  One  class  of  recently  devel¬ 
oped  missiles,  for  example,  requires  a  coherent  active  target  tc  exercise  the  range  gates  of  the  missile. 
Two  years  of  extensive  hardware/software  design  and  fabrication  Involving  10  to  15  engineers  and  techni¬ 
cians  were  required  to  provide  that  capability.  Such  an  activity  Is  analogous  to  a  project  development 
task  requiring  many  engineering  dlsciolines  as  well  as  parts  procurement,  subsystem  fabrication,  configu¬ 
ration  control,  and  a  check  out/integration  phase. 

The  hardware/sof tware  design  activity  consists  of  design  of  advanced  processor  hardware/software, 
simulator  computer  configuration  and  Interfaces,  missile  ei ectronlc/electrlcal /mechanical  Interfaces, 
simulator  software,  missile  modeis,  environmental  models,  and  target  generation.  Design  of  advanced 
processor  hardware/software  Involves  processor  research  on  combined  haraware/software  capabilities  with 
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the  goal  of  designing/ selecting  optimum  simulator  processing  systems  for  future  simulation  needs.  A 
similar  task  Is  design  and  selection  of  current  simulator  computers  and  Interfaces  for  Immediate,  specif¬ 
ic  simulation  needs.  The  design  of  electronlc/electrlcal /mechanical  Interfaces  to  interface  and  control 
the  generic  missile  In  the  simulator  system  requires  research  and  application  of  electromechanical,  hy¬ 
draulic,  and  control  theory.  Simulator  software  design  Involves  writing  software  for  developmental  proc¬ 
essors  ano  for  controlling  various  laboratory  functions  such  as  target  generation  and  data  display  and 
recording  systems.  Environmental  modeling  Involves  the  development  of  math  models  and  the  Implementation 
of  environmental  models  through  target  source  generation  equipment  under  computer  control.  This  task 
often  Involves  adapting  a  new  computer  configuration  and  writing  highly  specialized  software.  The  envi¬ 
ronmental  modeler  must  work  closely  with  the  target  source  generation  engineer  to  recommend  an  Implemen- 
table  source  generation  configuration.  The  development  of  a  generic  missile  model  requires  layout  of  the 
system  Into  working  math  modules,  development  of  the  motor  and  aerodynamic/atmospheric  modules,  and 
development  of  the  servo-loop  and  control  system  modules.  Target  generation  Involves  the  design  of  the 
electromagnetic  sources  for  Implementing  the  target  model. 

Simulation  planning  and  operations  as  an  overall  task,  require  technical  Interface  with  the  customer; 
the  defining  of  requirements  for  facility  modification  or  new  capabilities;  designing  the  missile  simula¬ 
tion  and  control,  recording  and  displays  Interface;  defining  environmental  model  requirements  with 
attendant  target  generation  requirements;  defining  facility  software  requirements;  defining  the  missile 
model  requirements;  and  writing  the  simulation  plan  and  procedure.  The  appropriate  hardware/software 
design  engineer  then  takes  the  requirements  and  Implements  them.  The  operations  engineer  then  conducts 
the  simulation  and  assists  the  data  analysis  engineer  In  analyzing  the  data. 

Maintenance  and  calibration  of  the  target  source  generation  system,  the  target  display  system,  the 
processing  system,  and  the  Interface  and  control  system  requires  a  separate,  planned  effort  that  Is 
conducted  In  part  during  first  and  third  shifts,  which  Is  an  added  engineering  management  and  cost 
consideration  in  running  a  simulator. 


SEEKER- IN-THE-LOOP  SIMULATION  EXPERIENCE 


Seeker- In-the- loop  simulation  activity  at  the  Advanced  Simulation  Center  began  In  the  early  1970's. 
Experience  has  been  with  Infrared,  optical  and  radio/ frequency  guided  missiles  In  passive,  semiactive, 
and  active  modes. 

Experience  at  the  Infrared  simulator  has  focused  on  a  man-portable  heat-seeking  air  defense  system 
and  on  a  major  Infrared  air  defense  system.  At  the  electro-optical  simulator,  emphasis  has  been  on  fiber 
optics  guided  systems  and  systems  guided  by  tracer  overlays.  Electro-Optical  simulation  Is  currently 
being  conducted  on  application  and  demonstration  of  a  fiber  optics  guided  system.  The  first  and  most 
frequent  user  of  the  radiofrequency  simulator  has  been  a  major  semiactive  surface-to-air  air  defense 
system  and  Its  derivatives  sponsored  by  various  organizations.  Other  Important  simulation  work  done  In 

the  radiofrequency  simulator  Includes  ground-to-air  missile  site  countermeasures  against  anti-radiation 
missiles,  several  classified  programs,  cruise  missile  evaluations,  active  coherent  missiles,  and  various 
jammers.  In  the  digital  and  hybrid  advanced  processor,  we  have  supported  all  Army  missile  programs. 

The  simulation  work  performed  In  the  radiofrequency  simulator  has  been  particularly  Impressive  In 
both  quality  and  quantity:  Since  activation  In  March  1975,  the  facility  has  been  continuously  scheduled 
averaging  15  simulations  and  13,000  closed-loop  runs  per  year. 

Significant  simulation  work  has  been  performed  In  the  raolofrequency  simulator  In  electromagnetic 
countermeasures  and  electromagnetic  counter-countermeasures  evaluation  In  three  categories: 

o  Jammer  systems 
o  Radiofrequency  missile  systems 
o  Antiradiation  countermeasure  programs. 

A  large  number  of  different  jammers  and  various  jamming  techniques  In  breadboard  form  have  been  eval¬ 
uated  against  various  missile  simulations.  The  jammers  are  operated  out  of  a  separate,  shielded  electro¬ 
magnetic  countermeasure  room  located  behind  the  array.  These  signals  can  be  colocated  on  the  moving 
radar  target  being  acquired/tracked  by  the  missile  seeker  on  the  flight  table  In  a  closed-loop  simula¬ 
tion.  The  effect  of  the  electromagnetic  countermeasure  signal  on  acquisition,  track,  and  engagement 
sequence  Is  evaluated.  Subsequent  runs  are  often  made  where  the  missile  has  been  modified  by  an  electro¬ 
magnetic  counter-countermeasure  technique  and  then  the  jammer  Is  run  In  another  mode  or  is  modified  in 
the  continuing  countermeasures/counter-countermeasures  loop. 

Over  twenty  missile  systems  and  variations  have  been  evaluated  against  various  jammers  for  electo- 
magnetlc  countermeasures  vulnerability  and  electromagnetic  counter-countermeasure  effectiveness.  Our 
experience  has  shown  that  once  a  valid  missile  simulation  is  established,  jammer  development  offices  and 
air  force  tactical  commands  are  eager  to  test  their  Jarrmers  against  the  simulation,  particularly  against 
systems  or  techniques  which  offers  a  challenge  or  threat  to  their  jammer.  The  missile  program  offices 
are  likewise  eager  for  their  missiles  to  be  evaluated  against  state-of-the-art  jamming  techniques.  Both 
missile  and  jammer  development  offices  benefit  from  this  joint  effort  through  cost  savings  and  Improved 
missile  and  jarmer  performance  evaluation. 

Considerable  simulation  work  has  been  done  In  the  radiofrequency  simulator  to  assess  tne  vulnerabil¬ 
ity  of  major  U.S,  surface-to-air  missile  system  sites  to  an  attack  by  an  anti-radiation  missiles.  The 
effects  of  various  countermeasures  employed  by  the  site  have  been  evaluated.  Seeker-ln-the-loop  simula¬ 
tion  Is  by  far  the  most  cost  effective  approach  to  this  analysis. 


The  eight  to  ten  years  simulation  experience  accrued  by  the  Advanced  Simulation  Center  has  shown  that 
simulation  Is  very  cost  effective  In  addition  to  providing  the  simulation  services  which  are  mandatory  in 
today's  and  tomorrow’s  environment.  An  example  of  cost  savings/cost  avoidance  through  simulation  Is  the 
radiofrequency  air  defense  system  simulation  work  accomplished  at  the  Advanced  Simulation  Center.  Con¬ 
tinuous  seeker-ln-the-loop  simulation  support  has  been  provided  to  a  major  radlofrequenc.v  air  defense 
system  since  the  radiofrequency  simulator  became  operational  in  1975.  This  support  consisted  of  evalua¬ 
tion  of  design  changes,  system  upgrades,  and  evaluation  of  the  system  against  advanced  electronic  coun¬ 
termeasures  and  postulated  threats.  Heavy  emphasis  was  placed  on  electromagnetic  counter-countermeasures 
modifications  to  the  missile  and  Included  Investigations  and  evaluations  to  assure  that  the  modifications 
had  no  adverse  impact  on  total  system  performance.  The  project  office  of  this  air  defense  system  thereby 
significantly  reduced  the  number  of  flight  tests  required  to  support  program  decisions.  A  precedent  was 
established  In  the  air  defense  community  when  a  major  system  modification  was  released  to  production  on 
the  basis  of  seeker-in-the-loop  simulation  results.  Subsequent  flight  tests  verified  the  modi flcation. 
Continuing  support  provided  to  this  project  has  ensured  an  indepth  and  current  knowledge  of  capabilities 
of  this  fielded  system  and  has  resulted  in  large  cost  savings. 


FUTURE  SEEKER-IN-THE-LOOP  SIMULATOR  DEVELOPMENT  PLANS 


Two  seeker-in-the-loop  simulator  expansion  programs  are  underway  at  the  US  Army  Missile  Command:  an 
Interim  millimeter  simulation  facility  and  a  larger  permanent  expansion,  the  rnillimeter/niicrowave  simula¬ 
tion  facility.  Since  seeker-in-the-loop  simulation  has  proven  to  be  a  cost-effective  critical  management 
and  technical  measurement  tool  for  weapon  system  acquisition  and  readiness,  these  simulators  will  greatly 
enhance  the  ability  of  the  US  Army  and  DoO  to  confidently  field  new  weapon  systems.  A  survey  of  planned 
seeker  development,  projected  seeker/system  fielding,  and  support  of  systems  now  In  the  field  has  dic¬ 
tated  the  type  and  spectrum  of  simulators  being  planned. 

Planning  for  the  future  simulators  is  driven  by  the  following  considerations: 
o  Army  and  Department  of  Defense  weapon  system  development 

o  Survey-determined  requirements  for  hardware-in-the-loop  simulators:  Radiofrequency, 
millimeter,  imaging  Infrared,  mul ti spectral ,  and  weapon  system 
o  Requirements  for  passive,  semiactive,  and  active  (coherent/noncoherent)  simulation  modes 
o  A  need  for  realistic  multiple  target  and  clutter  models  at  opeiational  frequencies 
o  Ability  to  comparatively  evaluate  missile  systems  In  benign,  electromagnetic  countermeasures, 
electromagnetic  counter-countermeasures  environments 
o  Ability  to  evaluate  actual  electromagnetic  countermeasures  hardware  against  seeker-in-the- 
loop  simulations  In  a  covert  environment 

o  Provision  of  a  cost-effective  mix  of  seeker-in-the-loop  simulation  with  flight  test  programs 
o  Provision  of  seeker-ln-the-loop  simulation  support  throughout  weapon  system  life. 

The  first  simulator  expansion  program,  the  Interim  millimeter  simulation  facility,  will  require  a 
separate  building  adjacent  to  the  Advanced  Simulation  Center,  Figure  5-1.  This  facility  is  being  sized 
for  30-100  GHz  and  small  aperture  seekers.  The  chamber  will  be  32  feet  wide,  30  feet  high  and  50  feet 
long.  The  targets  and  environmental  effects  will  be  displayed  by  an  array  of  antennas  under  computer 
control  in  a  manner  similar  to  the  existing  RF  system  previously  discussed.  The  facility  will  be  opera¬ 
tional  in  late  1985  and  Is  expected  to  be  used  into  the  I990's.  Early  use  of  this  facility  will  provide 
a  needed  Interim  millimeter  wave  simulator  capability  for  millimeter  systems  as  well  as  a  test  bed  for 
millimeter  simulator  techniques  to  be  employed  in  subsequent  millimeter  simulators. 

The  mil  llmeter/mlcrowave  simulator  facility  will  be  a  three-story,  285  foot  by  185  foot  building 
adjacent  and  to  the  north  of  the  Advanced  Simulation  Center,  Figure  5-2.  It  will  contain  seven  simula¬ 
tors,  the  required  support  equipment,  and  the  office  support  space  to  be  self-contained.  A  major  feature 
of  this  facility  is  the  construction  of  the  six  simulation  chambers  for  seeker-ln-the-loop  simulation  and 
the  set  of  three  chambers  for  the  weapon  system  simulator.  The  chambers  are  multistoried  rooms,  with  the 
largest  being  60  feet  long  by  50  feet  high  by  50  feet  wide.  The  chambers  are  shown  In  Figure  5-3. 

The  construction  of  the  mil  1 Imeter/microwave  simulator  facility  will  begin  In  1986  with  first  use  In 
1989.  Of  the  seven  simulators  planned,  three  will  be  Implemented  initially: 

o  Radiofrequency  simulator:  4-12  GHz  -  operational  1989 
o  Millimeter  simulator:  35-220  GHz  -  operational  1989 
o  Heapon  system  simulator:  0.5-50  GHz  -  operational  1990. 

Two  additional  radiofrequency  simulators,  an  Imaging  Infrared  simulator,  and  a  second  millimeter  simula¬ 
tor  will  be  fitted  out  with  equipment  in  an  Incremental  sequence  beginning  in  198°  and  ending  with  al1 
chambers  operational  In  1993/94. 

In  the  use  of  the  new  simulators,  the  US  Army  Mlsstle  Command  will  provide  the  basic  facility,  the 
staff  for  developing  the  specific  user  simulation,  and  the  operations  staff.  The  user,  as  in  the  current 
simulators,  will  fund  unique  simulation  hardware/software,  development  of  his  specific  simulation,  and 
the  operational  cost  of  running  his  simulation.  The  user  will  define  his  requirements  and  participate  In 
the  simulation  development  and  operations.  Tne  US  Army  Missile  Command  will  develop  and  operate  the 
simulation  and  participate  in  the  data/system  evaluation  as  requested  by  the  user. 
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FIGURE  5-3  MILLIHETER/MICRUWAVE  SIHULATIOH  FACILITY  CUTAWAY  SHOWING  CHAMBER  VOLUMES 


SUMMARY 

M 

Seeker-in-the-loop  simulation  Is  a  valuable  and  nandatory  source  of  Information  for  management  and 
technical  decision  making  In  developing  and  fielding  today's  sophisticated  guided  missile  systems.  The 
US  Army  Missile  Laboratory  has  been  a  pioneer  In  providing  state-of-the-art  technology  and  capability  in 
seeker-in-the-loop  simulators.  This  act1"1ty  was  Initiated  in  the  late  1960's  and  has  seen  the  success¬ 
ful  development  and  use  of  the  Advanced  Simulation  Center,  which  provides  three  major  simulators  and  a 
central  advanced  simulation  processor  complex.  The  simulators  operate  In  the  infrared,  electro-optical 
_  and  infrared  spectrum.  All  simulators  provide  realistic,  controlled,  dynamic  targets  in  realistic 

,  mission/engagement  scenarios. 

development  and  operation  of  the  seeker-in-the-loop  simulations  require  a  multidiscipl ined  staff  who 
interface  with  the  simulation  customer  in  defining  and  establ.shing  his  simulation.  Participation  by  the 
simulation  customer  in  developing  and  running  the  simulation  is  required.  A  typical  simulation  develop¬ 
ment  is  conducted  in  five  phases:  Coordination  and  planning,  development,  verification,  operation,  and 
validation,  analysis  and  documentation.  A  major  activity  in  operating  a  seeker-in-the-loop  simulator  is 
_  design  and  provision  of  hardware/software  to  maintain  the  simulator  as  a  state-of-the-art  facility.  This 

■  design  and  build-up  is  best  provided  by  the  resident  staff  because  of  the  uniqueness  of  the  technical 
requirements.  Software  design,  electronic/electrical/mechanical  interfaces  under  computer  control, 
environmental  models,  and  the  electromagnetic  implementation/di  splay  of  the  models  are  the  major  tasks 
involved. 

Tne  simulators  have  been  jsed  extensively  for  the  part  eight  to  ten  years  by  US  Army  and  DoD  air 
defense  system  and  jamer  development  offices.  Over  i 50  major  simulations  have  been  accomplished  to  date 
0  at  tne  Advanced  Simulation  Center.  Combined  missile  system  evaluation  and  jammer  evaluation  are  often 

•  accomplished  simultaneously  in  a  very  cost-effective  manner.  Cost-effective  benefits  of  seeker-in-the- 

loop  nave  been  repeatedly  demonstrated  by  using  simulation  in  a  nix  with  flight  tests  to  substantial ly 
reduce  the  number  of  costly  flight  tests. 

Tne  US  Ar-  y  Missile  Command  is  planning  two  seeker-in-the-loop  simulator  expansion  programs:  An 
-sii,  M,vor  simulation  far'l'ty  to  be  nperatinnal  in  lgdS  and  a  larger  permanent  mil  1  imeter/micro- 
'  wave  simulation  facility  which  will  begin  initial  operation  in  :989  with  full  up  operation  in  1593/94. 

0  Tne  permanent  facility  will  provide  seven  new  seeker-in-the-loop  simulators:  Three  radiofrequency 

■  simulators,  two  millimeter  simulators,  an  i  aging  infrared  simulator,  and  a  weapon  system  simulator, 
'hese  simulators  will  provide  long-term  support  to  issile  system  development,  deployment,  and  threat 
response  modi fications. 
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SUMMARY 

The  contribution  of  simulation  techniques  adopted  in  the  design  and  development  phases  of  the  low  altitude  surface  to  air  missile 
system  SPADA  is  here  described. 

This  contribution  was  given  in  two  distinct  areas:  one  as  a  tool  to  validate  system  concepts,  the  other  in  conjunction  with  field  tests 
to  complete  operational  evaluation. 

1.  INTRODUCTION 

A  most  demanding  requirement  which  is  common  to  most  airforces  worldwide  is  the  defence  of  high  value  targets  (typically  airports), 
within  friendly  territory,  from  low  level,  high  speed  air  raids. 

The  location  of  such  defended  targets  is  known  to  the  enemy,  and  therefore  attacks  are  pre-planned  to  take  advantage  of  terrain 
contours  and  of  electronic  countermeasures  (screening  and  deception)  so  as  to  avoid  or  to  delay  detection  by  the  defence  systems 
and  therefore  narrow  in  to  the  target,  reaching  useful  weapon  release  distances. 

The  Italian  Air  Force  decided  to  develop  a  missile  system  specifically  designed  for  airport  defence,  which  should  take  particular  regard 
for  the  identification  and  integrity  of  friendly  A/C.  The  resulting  system,  named  SPADA.  should  be  redeployed  rapidly  by  virtue  of 
its  modularization  to  enhance  system  survivability  to  attacks  and  to  adapt  to  the  change  of  objective  to  be  defended. 

2.  PRELIMINARY  DESIGN  ACTIVITIES 

By  government  decision,  the  three  Italian  Services  were  invited  to  adopt  a  single  missile  which  could  be  employed  in  the  A/ A,  S/A, 
shipbome  and  groundbased  roles.  Following  this  lire  of  action.  Selenia  has  developed  the  Aspide  missile  to  satisfy  this  multirole 
requirement. 

Further,  Selenia  was  tasked  to  develop  a  system  in  the  groundbased  role,  which  could  exploit  fully  the  characteristics  of  the  missile 
for  the  defence  of  airports  and  vital  areas  against  low  altitude  attacks 

The  preliminary  analysis  of  this  reouirement  implied  the  verification  that  suitable  horizons  for  system  deployment  could  be  found  in 
the  vicinity  of  the  areas  to  be  defended. 

In  fact  the  useful  range  of  the  ASPIDF  and  the  requirement  for  safe  friendly  A/C  identification  required  extended  visibility  of  low 
flying  A,C.  which  seemed  at  first  to  be  an  almost  impossible  task 

This  verification  was  a  complex  activity  due  to  the  large  variety  of  terrain  profiles  which  characterize  the  Italian  territory  To  expedite 
the  exercise,  a  software  facility  named  SITING  was  developed. 

3.  THE  SITING  PROGRAMME 

\s  a  first  step,  the  terrain  of  interest  was  digitized  in  steps  of  250  in  on  the  basis  of  25000  scale  maps  providing  height  lines  every  5 
meters  The  maximum  height  per  element  was  derived,  and  fed  into  an  I  !.'p  svstem. 


FIG.  S-l 


The  programme  provides  a  terrain  mask  related  to  each  site  selected  (See  fig.  S-t).  Here  an  example  of  digitized  horizon  is  shown.  The 
shaded  areas  are  those  where  a  flying  A/C  is  masked,  the  white  areas  are  those  where  the  A/C  is  viable. 

The  A/C  is  assumed  to  be  flying  in  a  theoretical  terrain  following  mode  at  a  preselected  altitude. 

Amongst  all  the  available  horizons  thus  made  available,  those  suitable  for  system  siting  were  sdrctrd.  and  it  was  verified  that  for  all 
areas  of  interest  system  siting  did  not  o.  ,er  any  significant  problem,  solving  all  initial  doubts. 

System  design  could  therefore  be  initiated. 


4.  SYSTEM  SIMULATION  PROGRAM 

As  a  design  aid  and  as  a  verification  of  system  concepts  SELENIA  relied  upon  a  system  simulation  program  based  upon  the  theoretical 
siting  of  system  units  to  defend  real  targets  against  simulated  attacks.  The  obvious  advantage  which  derives  from  the  adoption  of  a 
simulation  effort  is  that  a  large  number  of  interactive  parameters  may  be  taken  into  account,  and  varied,  to  ascertain  system  accepta¬ 
ble  behaviour  under  a  complex  and  comprehensive  set  of  conditions.  Such  effort  is  also  highly  cost  effective. 

4. 1 .  SIMULATION  ORGANIZATION 

The  block  diagram  in  fig.  5-2  shows  the  main  constituents  of  the  simulation. 


Fit.  5  ; 


Here  the  terrain  model  provides  the  search  and  tracking  radar  visibility  areas  as  a  function  of  flight  altitude  together  with  the  coordi¬ 
nates  of  system  units  location 
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The  threat  model  provide*  the  attack  formation,  A/C  kinetic*  and  ECM  environment. 

The  attack  formation  may  coniiat  of  any  number  of  A/C  flying  in  any  configuration  (wing,  itrimline,  Vickers,  etc.)  and  may  be 
broken  at  any  point  in  time.  An  A/C  breaking  away  from  a  formation  may  continue  its  flight  autonomously.  Each  A/C  may  change 
its  altitude,  heading  and  speed  indipendently  of  the  other  aircraft. 

4.2.  SIMULATION  TOOLS 

Discrete  and  continuous  events  must  be  simulated.  The  former  are  sudden  instantaneous  changes  which  take  place  within  the  system 
or  threat  scenario  (i.e.  the  destruction  of  an  attacking  A/C);  the  latter  are  events  which  last  a  certain  time  (i.e.  the  (light  of  the 
missile).  Either  events  may  be  deterministic  or  probabilistic. 

An  ECM  environment  can  be  simulated,  where  techniques  such  as  standoff,  escort  and  self  screening  jamming  may  be  adopted  against 
the  search  radar,  the  tracking  radars  and  against  the  missiles.  Each  A/C  may  be  flying  in  self  screening  mode  and  resulting  mutual 
screening  is  taken  into  consideration  by  the  system. 

The  program  takes  into  account  also  the  jam  strobe  generation  of  the  search  radar,  track  on  jam  of  the  tracking  radars  and  the  home 
on  jam  of  the  missile. 

The  system  model  provides  the  system  components  performance  parameters.  These  are  contained  in  subroutines  and  may  be  modified 
by  the  operator. 

The  operational  logics  define  the  operational  modes  and  characteristics  of  the  system,  these  too  may  be  varied  by  the  operator. 

The  interaction  of  the  operational  logics  with  the  models  defined  above  produces  the  simulation  of  the  events  which  characterize 
an  attack  on  the  defended  target. 

Such  events  have  a  probabilistic  nature,  therefore  the  selection  of  effective  valuation  criteria  must  be  based  upon  statistics  which  are 
relevant  to  system  assessment. 

The  attrition  rate  and  the  survival  probability  of  the  defended  target  are  taken  as  merit  figures  in  this  validation  process. 

4.2.1.  Critical  Events  Method  (  1  ] 

The  critical  Events  method  has  been  adopted  to  procesa  discrete  events.  The  status  of  the  system  and  that  of  the  threat  are  taken  into 
examination  only  when  these  Critical  events  take  place. 

Some  Critical  events  take  place  at  known  times  because  known  a  priori.  These  are: 
the  A/C  entering  the  operational  scenario 
the  A/C  manoeuvring 
the  A/C  exiting  the  scenario. 

Other  critical  events  happen  at  unknown  times  because  they  are  triggered  by  other  critical  events. 

These  are: 

-  A/C  detection  by  the  search  radars 
A/C  designation 

-  A/C  acquisition  by  a  Firing  Section  (F.S.) 

-  A/C  entering  the  firing  area  of  a  F.S. 
missile  launch 

result  of  the  launch  (intercept  or  miss) 

F.S.  disengagement. 

The  delay  between  the  generating  event  and  that  which  ensues  may  be  calculated  making  use  of  deterministic  or  probability  functions. 
In  other  cases,  such  delay  cannot  be  calculated  because  the  event  is  itself  probabilistic.  A  typical  case  is  given  by  the  detection  of  a 
target. 

In  this  case,  the  delay  may  be  evaluated  by  means  of  the  "pseudo  time  stepping”  technique.  This  technique  consists  in  the  perform¬ 
ance  of  a  test  at  programmable  time  instants  to  verify  whether  the  critical  event  expected  takes  place  and  when.  The  test  sequence 
stops  only  when  the  expected  event  has  taken  place. 

4. 2. 2.  Time  Stepping  Method 

This  method  has  been  supplied  for  the  simulation  of  continuous  events  (i.e.  the  flight  of  a  missile).  Such  events  are  usually  represented 
by  differential  equations  which  can  be  integrated  through  the  usual  stepped  techniques  (Runge  Kutta).  During  the  adoption  of  the 
time  stepping  method,  the  critical  event  time  is  stopped.  The  continuous  event  is  followed  through  (i.e.  missile  flight  to  intercept)  to 
completion.  At  this  time,  such  event  becomes  a  critical  one.  This  time  is  memorized  as  a  delay  and  simulation  is  restarted  from  the 
instant  at  which  the  continuous  event  began. 

4. 2. 3  The  Monte  Carlo  Method 

This  method  has  been  applied  to  random  events  such  as 

a.  Discrete  events  having  a  given  probability  to  occur  are  dealt  with  by  using  a  sequence  of  pseudo  random  numbers  having  a  llat 
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distribution  between  0  and  I .  It  is  decided  that  the  event  has  taken  place  if  the  pseudo  number  extracted  is  less  or  equal  to  the 
probability  of  the  random  event  happening  (i.e.  the  target  kill). 

b.  Discrete  events  which  we  art  sure  will  take  place  following  a  random  delay  which  starts  from  the  generating  event.  This  delay 
can  be  evaluated  by  selecting  a  pseudo  random  number  out  of  sequence  having  an  appropriate  distribution  law  and  taking  such 
number  as  an  estimate  of  the  delay  required  (i.e.  operator  rection  time). 

c.  Continuous  events  governed  by  random  laws  having  a  known  distribution.  Such  events  are  simulated,  with  the  appropriate  distri¬ 
bution,  at  time  intervals  which  are  related  to  the  correlation  time  of  the  random  variables  (i  e.  target  scintilation). 


S.  SIMULATION  STAGES 

The  language  adopted  was  Fortran  V  and  the  operational  system  was  the  UN1VAC  EXEC-8.  The  programme  consisted  of  5500 
statements  contained  in  one  Main.  37  subroutine  and  two  additional  procedures  run  on  PDF  processor.  For  convenience,  the  program 
was  divided  into  stages. 

The  first  simulation  stage  consists  of  data  reading.  The  second  consists  of  the  tunning  of  the  program  and  results  recording. 

The  third  stage  is  the  processing  of  the  data  recorded  to  derive  statistical  data  of  interest. 

5.1.  STAGE  1  STRUCTURE 

During  this  stage,  data  relevant  to  the  following  models  is  read: 

-  Terrain 
threat 

-  system 

No  data  is  assigned  within  the  program. 

The  parameters  which  characterize  each  of  these  models  can  be  modified  by  the  operator  to  verify  the  impact  on  overall  system  per¬ 
formance. 

5.2.  STAGE  2  STRUCTURE 

Here  the  program  is  run.  The  block  diagram  in  figure  5-3  provides  an  outline  of  the  flow  of  activities  involved. 
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5.3.  STAGE  3  STRUCTURE 

The  data  processed  and  recorded  during  stage  2  is  here  further  processed  and  printed. 

The  main  data  consists  of: 

-  attrition  rate 

-  number  of  missiles  fired  by  each  F.S.  and  their  total  number 

-  mean,  distribution  function  and  cumulative  probability  of  the  following  parameters: 

.  Detection  Center  reaction  times 

.  F.S.  reaction  times 
.  intercept  distances  from  the  F.S. 

6.  UTILIZATION  OF  THE  SIMULATION  PROGRAM 

6.1.  PURPOSE 

The  simulation  program  served  two  main  purposes.  One  was  to  validate  the  basic  system  design  concepts,  the  other  was  to  optimize 
some  of  the  system  components  parameters,  mainly  those  of  the  radars,  and  to  choose  the  best  suited  system  operational  logics. 
Validation  of  design  concepts  was  carried  out  by  taking  into  examination  a  large  area  of  the  Italian  territory,  containing  airports, 
a  naval  base,  a  number  of  ports  and  othei  vital  areas. 

Through  use  of  the  program  SITING,  the  best  suited  emplacement  positions  for  system  sensors  were  identified.  Results  were  further 
checked  on  the  field. 

A  number  of  suitable  deployment  configurations  for  the  defence  of  the  targets  which  malched  the  expected  threat  were  found. 

The  threat  model  simulated  attack  raids  which  could  be  divided  into  two  main  groups: 

-  realistic  Italian  A.F  prepared  raids 

-  raids  prepared  by  the  defence  planners  which  exploited  the  weakest  point  of  the  defence  without  taking  regard  to  the  physical 
flight  limitations  of  attack  A/C. 

6.2.  RESULTS 

The  results  of  the  simulation  program  were  such  as  to  convince  the  Italian  A.F.  that  the  adoption  of  the  ASP1DE  Missile  in  the 
groundbase  configuration  could  result  in  an  effective  Air  defence  system  and  also  convince  the  designers  that  the  system  could  be 
implemented  and  that  it  satisfied  the  requirements. 

A  number  of  computer  runs  were  further  carried  out  to  optimize  some  system  parameters  such  as  dala  rate,  range  and  detection  prob¬ 
abilities  and  the  logics  governing  the  threat  evaluation  and  target  designation. 

At  this  stage  system  specs  were  frozen  and  approved  by  the  A.F.  and  funding  was  made  available  by  the  government  to  commence 
development  activities  of  the  SPADA  System. 

7.  SPADA  SYSTEM  OUTLINE 

7.1.  SYSTEM  CONFIGURATION 

The  SPADA,  in  its  basic  configuration,  consists  of  a  Detection  Centre  (D  C.)  and  of  up  to  four  Firing  Sections  (F.S  ). 

The  D.C.  consists  of  an  agile,  phase  coded,  coherent  chain  search  radar  with  integrated  IFF  and  of  a  Command  and  Control  Centre 
manned  by  three  operators. 

The  tasks  of  the  D  C.  are  thole  of  automatic: 
target  detection  and  track  while  scan 
target  identification 
threat  evaluation 
F.S.  designation 

tactical  management  of  F  S  reaction 

The  F.S  consists  of  a  monopulse  agile  tracking  radar  combined  with  a  CW  illuminator,  a  Command  and  Control  Centre  manned  by 
one  operator  and  up  to  a  maximum  of  three  missile  launehers,  each  containing  up  to  six  monies 

The  weapon  adopted  is  Ihe  ASPIDF.  CW  scmacuvc  homing  missile  carrying  a  30  kg  fragmentation  type  warhead,  having  ar.  effective 
range  well  in  excess  of  10  kms  and  maintaining,  throughout  its  riiglit,  manoeuvrability  sufficient  to  lake  on  rapidly  manoeuvring  at¬ 
tacking  A/C. 

Task  of  the  l-'.S  Is  (o  engage  Ihe  designated  large! 

It  Is  also  worth  mentioning  lliat  the  SPADA  DC  can  he  integrated  in  Ihe  NADGI  network 
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7.2.  FEATURES  UNIQUE  TO  SPADA 

The  specific  characteristics  of  the  SPADA  missile  system,  which  make  it  unique  xmocg  SHOKAD  systems,  may  be  summarised  as 
follows: 

a.  possibility  to  deploy  system  units  so  that  defence  extends  from  small  areas  such  as  an  airport  to  vast  areas,  up  to  900  Sq  kms, 
such  as  towns  and  industrial  plants. 

b.  possibility  to  exploit  terrain  contour  to  maximise  radar  horizons  by  siting  system  units  up  to  relative  distances  of  the  order 
of  a  few  kms. 

c.  system  modularity  to  cope  with  defence  requirements  which  may  differ  because  of  threat  density,  target  value  and  terrain 
contour. 

d.  choice  of  a  search  radar  having  a  useful  range,  also  in  high  density  ECM  environment,  which  is  well  in  excess  of  the  needs  of  the 
weapon  employed.  This  provides  a  desirable  lead  time  for  unambiguous  friendly  A/C  identification  even  in  those  cases  where 
damage  upon  mission  reentry  has  occurred.  Because  of  the  extended  range  of  such  radar,  a  large  flexibility  of  system  component 
siting  is  made  possible. 

e.  automatic  track  initiation  and  TWS,  down  to  very  low  altitudes  and  automatic  identification  process  which  takes  into  account 
IFF  reply  and  rules  of  behaviour  of  incoming  A/C. 

f.  automatic  performance  of  all  basic  functions  and  transmission  of  all  operational  data  (instructions,  commands  and  reports) 
via  digital  link  to  minimize  reaction  times. 

g.  choice  of  a  missile  having  an  effective  range  in  excess  of  10  kms  to  assure  flexibility  in  F.S.  siting,  consistent  with  points  a,  b 
and  c  above. 

8.  POST  DEVELOPMENT  SYSTEM  SIMULATION 

Once  the  system  components  hardware  and  SW  development  had  been  completed  in  accordance  with  the  specifications  defined  during 
the  design  phase,  Selenia  was  faced  with  the  problems  of  system  test  and  evaluation. 

To  optimize  the  management  of  related  test  and  evaluation  activities,  it  was  decided  to  make  recourse  to  a  comprehensive  simulation 
facility. 

Such  decision  came  from  a  company  policy  aimed  at  the  use  of  simulators  for  the  whole  military  product  line  of  systems  in  the  field 
of  Air  Defence  using  interceptors  or  missiles. 

Through  the  introduction  of  simulators  as  specific  tools  for  operational  SW  development  and  maintenance,  the  even  more  valuable 
tasks  of  system  evaluation,  optimization  and  ease  of  operational  spec  modification  were  achieved. 


9.  SIMULATOR  CONFIGURATION 

9.1.  GENERAL 

The  System  Simulator,  abbreviated  for  convenience  to  SIM,  carries  out  on  line  and  in  real  time  the  simulation  of  the  environment 
within  which  the  SPADA  may  be  called  to  operate 

The  SIM  is  made  up  of  dedicated  hardware  and  environment  simulation  software. 

Upon  request,  any  of  the  sensors  simulated  may  be  replaced  by  a  real  component  without  the  need  for  any  modification. 

The  dedicated  HW  consists  of  a  radar  simulator  (sync  +  video)  and  a  processing  unit. 

The  rest  of  the  SIM  HW  consists  of  the  real  units  such  as  computers,  consoles  etc  which  make  up  the  real  Command  and  Control 
Part. 

The  dedicated  SW  consists  of  as  many  modules  as  the  number  of  units  to  be  connected  to  the  post  to  be  simulated  and  of  the 
operational  scenario. 

The  operational  SW  is  the  real  operational  software  running  on  the  fielded  system. 

The  SIM  is  divided  into  two  main  constituents: 
a  DC  SIM  and  a  F.S  SIM. 

Each  one  of  these  may  operate  alone  or,  when  interconnected,  they  give  way  to  the  SPADA  SIM. 

9.2.  THE  DETECTION  CENTRE  SIM 

This  facility  consists  of  a  System  section,  which  includes  a  processing  unit  and  equipment  units  identical  to  those  making  up  the 
real  detection  centre  i.e.  the  NIX  IbO  processor,  the  3  MIX)  consoles,  the  magnetic  tape  unit  etc.  and  of  an  Environment  simulator, 
which  includes  a  processor,  a  search  and  interrogation  radar  simulator  and  system  input  outmit  interfaces. 


FI<J  S-A  -  THE  D  C  SIM 


System  SIM  and  Environment  SIM  are  interconnected  only  through  those  interfaces  and  links  which  can  be  found  in  the  SPADA; 

i.e.  the  search  radar,  the  four  F.S.s,  the  NaDGE  link 

The  data  rates  in  the  SIM  are  those  which  can  be  found  in  real  life. 

The  SW  is  organized  in  system  section  SW'  and  environment  section  SW. 

The  system  section  SW  is  the  SW1  normally  operating  in  real  life. 

The  environment  section  SW  includes  six  packages:  the  search  radar,  the  four  firing  sections,  the  NADGE  link. 

The  operational  scenario  SW  will  be  described  further  ahead. 

9.3.  THE  FIRING  SECTION  SIM 

The  F.S.  SIM  follows  a  similar  organization  as  the  DC  SIM. 

The  F.S.  SIM  System  section  consists  of  one  N  DC- 160,  one  MDU  console  and  one  Magnetic  Tape  Unit. 


HO  5  5  FS  SIM 


The  F.S.  SIM  environment  simulator  usists  of  a  processor,  a  tracking  radar  simulator  and  system  I  O  interfaces 
The  interconnection  of  these  sections  is  through  the  tracking  and  illumincator  radar,  three  launchers  ar.d  the  Detection  centre 
System  S.  W  is  the  one  governing  real  life  operation  The  environment  section  SW  includes  the  trucking  illuminator  rjdars,  the 
launchers  and  the  Detection  centre. 
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9.4  THE  OPERATIONAL  SCENARIO  DEDICATED  SW 

In  order  to  stimulate  the  Environment  Simulator  and  activate  the  system  operational  SW,  a  software  module  has  been  introduced 
which  simulates  the  tactical  scenario. 

The  scenario  in  subject  is  rhe  one  which  would  be  seen  by  the  SPADA  system  through  its  radars.  It  therefore  includes  target  plots, 
clutter  maps.  IFF  replies  and  ECM  environment  in  the  case  of  the  DC.  The  same  holds  true  for  the  PCS,  where  the  external  world 
is  seen  through  the  acquisition  and  tracking  radar  and  includes  target  plots,  clutter  and  in  particular  noise  and  deception  jammers. 

The  tactical  scenario  module  is  easily  programmed  off  line  due  to  the  adoption  of  an  interactive  man  machine  set  of  instructions 
and  is  contained  within  the  SIM 

A  further  facility  is  given  by  the  possibility  of  live  recording  of  real  trials  in  the  field,  and  of  reducing  the  data  provided  by  the  search 
and  tracking  radars  onto  the  tactical  scenario. 


10.  UTILIZATION  OF  THE  SIM 

During  the  fir  A  half  of  1983,  the  SPADA  system,  in  its  full  asset,  was  deployed  at  the  military  airport  of  Pratica  di  Mare,  near  Rome, 
to  verify  through  preplanned  flight  missions,  the  performance  of  the  system  components  and  of  the  system  as  a  whole. 

This  test  phase  was  meant  to  identify  and  perform  those  adjustments  to  the  systems  which  were  necessary  to  harmonize  the  sensors 
performances  operating  in  a  real  environment  with  the  overall  system  performance  required. 

The  flight  test  program  was  also  meant  to  complete  acceptance  by  the  Italian  Air  Force  of  individual  syslem  components  and  their 
integration. 

The  SIM  proved  to  be  effective  in  the  identification  of  areas  on  which  to  intervene  to  bring  system  perfomance  within  specification 
and  in  funding  the  most  acceptable  compromises  between  sensor  desensitizing  and  false  plot  generation,  limiting  the  generation  of 
false  tracks  (clutter  tracks)  to  an  acceptable  level,  as  an  aim  to  no  more  than  one  every  half  hour. 

The  algorithms  governing  A/C  formation  split  and  merge  were  further  adjusted  through  analysis,  on  the  SIM,  of  recorded  field  data 
based  upon  specially  organized  flight  tests. 

In  particular,  the  SIM  was  used  extensively  in  the  selection  of  the  best  suited  algorithm  governing  the  dimensioning  of  the  radar  plot 
correlation  gate. 

In  fac'  only  through  field  testing  of  the  radar  was  it  possible  to  measure  range  and  azimuth  precisons  wilh  ihe  accuracy  required  for 
the  dimensioning  of  such  gates,  a  critical  factor  which  determines  the  rate  at  which  false  plots  (i.e.  plots  associated  with  clutter  returns) 
are  generated. 

Eight  different  flight  tests  were  carried  out  during  this  initial  phase,  using  small  radar  section  A/C,  in  the  main  Fl04s  or  similar. 

Flight  scenarios  were  kept  simple  and  were  often  repealed  to  ensure  consistent  results  were  given  by  the  syslem  The  orographic  sit¬ 
uation  was  also  taken  into  account  in  optimizing  system  component  siting.  The  Data  and  scenario  related  to  system  operation  was 
recorded  and  utilized  on  the  SIM  to  verify  the  following: 
detection 
track  initiation 
track  WS 

designation  and  acquisition 
track  management  capability 

In  the  second  half  of  1983,  having  completed  the  initial  test  phase,  the  system  was  moved  to  the  Grosseto  Air  Base  utilizing  truck 
and  rapid  attachment  wheel  pairs  The  ease  of  transport  of  the  system  along  a  variety  of  road  surfaces  was  most  appreciated 
Here  the  tests  were  aimed  at  system  operational  evaluation  making  use  of  a  high  number  of  missions  performed  by  the  attack  squad¬ 
rons  flying  in  from  air  bases  throughout  Ihe  Italian  territory. 

The  missions  relied  heavily  on  ECM  support  to  further  test  the  SPADA  ECCM  characteristics  and  were  also  perfomed  by  high  nu¬ 
mbers  of  attacking  A'C  (up  to  34),  to  verify  system  saturation. 

The  high  costs  associated  with  this  essential  and  extensive  flight  trial  program,  were  runtaincd  by  making  use  of  Ihe  SIM  Scenarios 
were  in  fact  recorded  and  rerun  at  the  factory. 

The  perfect  match  between  system  responses  in  the  real  scenario  and  in  the  same  scenario  run  on  the  SIM.  convinced  the  user  that 
the  sunulator  was  an  effective  tool  in  all  the  evaluation  processes  adopted 

I  ven  more  demanding  scenarios  were  created  on  the  SIM  to  explore  system  extreme  perl  "Alliance  boundaries  exhaustively 
In  particular  all  the  problems  related  to  friendly  A  C  identification  were  analysed  and  resolved 
At  present  the  system,  fully  refurbished,  is  allocated  to  the  defence  of  a  high  value  strike  airport  in  northern  Italy 
Further  systems  arc  undergoing  the  relevant  factory  and  field  acceptance  tests 

References: 

|  I  |  WJ  M  IIAPPhL  Ihe  addition  nf  weuimit  ivuem  tn  ilw  I'OMO  gratri’wirk  TV  Shape  Tirhnn  al  Centre 
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HOMING  HEAD  IMPERFECTIONS  ALTERING  MISSILE  GUIDANCE 

M.  DESMERGER  -  RESPONSABLE  DES  ETUDES  AUTODIRECTEURS  -  DEPARTEMENT  RCM  -  DIVISION  AVIONIQUE 
THOMSON-CSF  -  178  Bd  GABRIEL  PERI  -  92240  MALAKOFF  -  FRANCE 

SUMMARY  :  Our  purpose  is  to  analyse  the  electromagnetic  homing  head  imperfections  which 
mainly  alter  the  missile  guidance.  We  will  deal  with  problems  connected  with 
detection  of  the  target  (detection  time,  parasitic  signals  rejection,  and 
with  phenomena  introducing  errors  on  target  parameters  measurement  (thermal  noise, 
parasitic  signals,  nature  of  the  target,  radome  aberrations  ...). 

1  -  INTRODUCTION 


A  homing  head  is  to  be  found  in  missiles  of  most  surface  to  air  systems  to  achieve  good 
guidance  even  if  the  target  is  far  from  the  launcher. 

Here,  we  will  only  deal  with  electromagnetic  homing  heads.  As  the  radar  cross-section 
of  targets  is  much  less  than  that  of  spurious  signals  (around  clutter  for  example) ,  the 
homing  head  uses  Doppler  effect  to  get  speed  selection  between  target  and  spurious 
signal.  Such  homing  heads  can  be  semi-active,  or  active  ones. 

Though  a  homing  head  is  mainly  a  tracking  radar,  it  has,  before  tracking,  to  detect  the 
target.  That  is  the  reason  why  we  will  deal  with  those  two  phases.  But  we  will  only 
deal  with  the  homing  head  imperfections  which  may  alter  the  performance  of  that  radar 
and  consequently  the  missile  guidance. 

Nevertheless  the  electronic  counter  measures  are  not  taken  into  account  here. 

2  -  DETECTION  PHASE 

The  problem  to  solve  is  to  detect  the  right  target  as  quickly  as  possible. 

In  fact,  specifications  of  the  system  impose  a  probability  of  acquisition  to  be  reached 
in  a  given  time. 

In  presence  of  thermal  noise  alone,  detection  theory  shows  that  a  matched  filter  has  to 
be  used. 

Thus,  if  the  target  location  (angular  one,  range  one  and  velocity  one)  is  perfectly 
known,  just  one  matched  filter  is  necessary.  But  it  is  never  the  case,  and  findinct  of 
the  target  is  necessary.  The  beat  way  to  satisfy  specifications  would  be  to  use  as  many 
matched  filters  as  is  necessary  to  cover  all  the  possible  locations  of  the  target.  This 
will  lead  to  the  lowest  power  to  be  radiated,  but  is  it  always  reachable  7 

Consider,  first,  the  angular  location  of  the  target.  As  a  homing  head  has  only  one 
antenna,  it  is  Impossible  simultaneously  to  have  several  angular  cells.  That  means  that 
a  compromise  has  to  be  found  between  the  two  following  possibilities 

-  using  a  narrow  antenna  beam  "matched"  to  the  t.arqet  and  moving  It  until  the  target  ties 
been  detected 

-  using  a  wide  antenna  beam  so  that  the  target  Is  inside  the  beam,  whatever  its  annular 
location  is. 


As  regards  to  the  range  and  speed  matched  filters,  it  is  theoretically  possible  to 
have  all  those  resolution  cells  simultaneously.  But  we  have  to  keep  in  mind  that,  durinq 
the  tracking  phase,  only  one  cell  is  needed.  Thus,  if  we  consider  the  homing  head  cost, 
it  is  not  obvious  that  using  all  those  cells  will  lead  to  the  best  solution. 

In  fact,  from  the  point  of  view  of  the  homing  head  design,  one  of  the  most  important 
parameters  to  be  taken  into  account  is  the  accuracy  of  target  location  (angular,  range 
and  velocity  location),  this  location  being  sent  by  the  system. 

And  the  angular  location  accuracy  will  allow  the  choice  of  the  homing  head  frequency 
to  be  taking  into  account  : 

-  the  missile  diameter  Imposes  the  greatest  antenna  diameter  thus  the  beam  width  versus 
frequency 

-  the  atmospheric  and  transmission  lines  losses  which  increase  with  frequency 

-  the  greatest  power  reachable  at  each  frequency  (for  a  given  cost) . 

All  that  has  been  said  before  implies  there  is  only  thermal  noise.  In  fact  there  are 
parasitic  signals  which  may  alter  target  detection.  The  most  important  of  these  are 
the  spill  over  or  transmitter  leakage  and  ground  clutter. 

2 . 1 .  Spill-over 

The  spill-over  signal  13  the  fraction  of  the  transmitted  power  which  reaches  the 
receiver. 

It  Is  physically  impossible  to  make  the  power  of  spill-over  less  than  that  of 
thermal  noise. 

As,  in  most  cases,  it  is  not  necessary  to  track  targets  whose  radial  velocity  is 
zero,  the  spill-over  signal  may  be  rejected  by  filtering  in  the  frequency  domain. 
Thus  the  off-band  attenuation  of  the  Doppler  filters  is  determined  by  the  power 
of  the  spill-over  signal.  Often,  this  off-band  attenuation  can  only  be  reached 
using  cascaded  filters. 

Nevertheless  Doppler  filters  can  completely  reject  the  spill-over  signal  only 
if  this  signal  is  monochromatic  (or  if  the  transmitter  is  noiseless) .  As  this  is 
not  true,  the  spill-over  power  determines  the  amount  of  noise  of  the  transmitter, 
that  is  to  say  the  noise  level  which  does  not  alter  the  homing  head  sensitivity. 

2.2.  Ground  clutter 

Ground  clutter  has  very  often  a  power  higher  than  that  of  thermal  noise  and  even 
that  of  the  target  echo.  This  means  that,  to  detect  the  target,  it  is  judicious  to 
separata  the  target  from  the  clutter  usinq  the  difference  of  velocity  between  the 
two.  This  mean  that,  it  is  better  to  have  no  ambiguity  In  the  velocity  domain.  To 
have  no  3uch  ambiguity,  this  leads  to  choosing  a  high  pulse  repetition  frequency 
if  an  active  homing  head  is  used.  Therefore  range  measurement  will  be  ambiguous 
and  eclipsing  losses  are  Introduced.  These  phenomena  are  to  be  taken  into  account 
while  determining  homing  head  characteristics. 

Ever,  if  target  and  ground  clutter  may  be  separated  using  velocity  difference, 
that  is  to  say  using  Doppler  filtering,  the  same  problem  as  for  spill-over 
occurs  :  ground  clutter  carries  the  noise  of  the  transmitter.  In  that  case,  the 
problem  is  more  difficult  doe  to  decorrelation  between  the  noise  transmitted  and 
received . 


It  means  that  some  sensitivity  problem  may  occur  vhen  the  Doppler  frequency  of 
the  target  is  near  that  of  the  ground  clutter. 

When  Doppler  frequency  of  the  target  lies  in  the  Doppler  range  of  ground  clutter, 
the  homing  head  sensitivity  is  imposed  by  ground  clutter  power  and  not  by  thermal 
noise.  This  is  due  to  the  fact  that  a  ground  clutter  signal  looks  like  a  noise. 
Even  if  this  noise  is  not  absolutely  white,  no  signal  processing  is  able  to 
completely  eliminate  ground  clutter.  Therefore  the  homing  head  sensitivity  is  not 
that  given  by  thermal  noise. 

TRACKING  PHASE 


The  tracking  phase  is  the  most  important  one  for  the  homing  head.  So  we  will  try  to 
point  out  all  the  phenomena  which  may  alter  the  miss-distance  between  missile  and 
target.  We  will  deal  with  : 

-  thermal  noise 

-  angular  glint 

-  noises  introduced  by  signal  processing 

-  radome  aberrations 

-  effect  of  parasitic  signals. 

But  we  will  not  deal  with  Electronic  Counter  Measure  effects. 

3.1.  Thermal  noise 

Thermal  noise  affects  all  measurements  maae  by  the  homing  head,  that  is  to  say 
velocity  measurement,  range  one  and  angular  one.  Of  course  angular  measurement  is 
the  most  important  since  guidance  is  mostly  done  using  angular  information.  But, 
in  the  homing  head,  angular  measurement  cannot  be  made  if  the  target's  speed  and 
range  have  not  been  selected. 

According  to  Woodward  formula,  thermal  noise  induces  a  noise  whose  standard 

deviation  is  — *-■ 

/2R 

Where  Ax  is  the  measurement  cell  width  and  R  the  signal  to  noise  ratio. 

Therefore,  in  order  to  reduce  noise  measurement,  cell  width  has  to  be  reduced  and 
signal  to  noise  ratio  increased. 

Cell  width  cannot  be  made  as  narrow  as  wished.  It  is  obvious  that  if  during 
measurement  time  the  target  moves  more  than  cell  width  this  will  lead  to  a  signal 
loss.  That  is  mainly  true  for  range  and  velocity  cells  because  they  are  the  smallest. 
The  same  problem  would  occur  if  the  target  is  sliced  by  the  cells. 

As  for  signal  to  noise  ratio,  we  have  said  that  a  matched  filter  is  always  used. 

But  the  signal  to  noise  ratio  to  be  used  in  Woodward  formula  is  that  obtained  after 
post- integration ,  that  is  to  say  the  signal  to  noise  ratio  measured  at  the  output 
of  tracking  loops.  This  leads  to  using  tracking  loops  as  narrow  as  possible. 

The  limits  of  that  narrowing  are  : 

-  the  angular  tracking  loop  cannot  have  ?  time  constant  greater  than  the  tire 
constant  requested  for  the  whole  missile 

-  the  doppler  tracking  loop  cannot  have  a  time  constant  greater  than  the  annular 
tracking  loop  time  constant 

-  doppler  and  range  tracking  loops  have  to  be  consistent  with  taruet  manoeuvres. 
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In  fact  tracking  loops  are  often  adaptative  one  in  order  to  take  into  account 
power  fluctuations  of  the  target  signal.  Nevertheless,  and  in  spite  of  the 
influence  of  thermal  noise  decreasing  as  missile  to  target  range  decreases,  thermal 
noise  introduces  a  noise  on  the  mi9S-distanca . 

3.2.  Angular  glint 

A  target  seen  by  a  radar  is  neither  made  with  only  one  reflector  nor  with  an 
infinity.  For  a  given  angle  aspect,  only  few  reflectors  have  to  be  taken  into 
account . 

As  a  target  fluctuates  around  its  trajectory,  the  phase  of  each  signal  reflected 
by  each  reflector  varies  (the  amplitude  varies  also  but  more  slowly) .  Thus  the 
signal  received  by  the  homing  head  is  a  fluctuating  one.  Some  power  distributions 
have  been  assumed  by  Swerling.  This  is  true  for  all  signals  delivered  by  the 
homing  head  antenna. 

Therefore  the  angular  measurement  is  not  a  steady  one.  The  point  aimed  at  by  the 
homing  head  fluctuates  and  can  even  be  outside  of  the  target  span. 

Such  a  fluctuation  Introduces  noise  on  miss-distance. 

If  would  be  interesting  to  reduce  the  noise  Induced  by  angular  glint. 

Filtering  that  noise  is  not  always  compatible  with  the  time  constant  requested  for 
the  whole  missile.  So  that  other  signal  processing  have  to  be  evaluated  : 

-  by  isolating  each  reflector  of  the  target 

-  by  finding  angular  signal  processing  which  is  less  sensitive  to  angular  glint 
than  the  usual  one. 

Notice  that,  when  using  antiglint,  one  has  to  be  sure  that  the  homing  head  is 
actually  tracking  only  one  target,  otherwise  the  missile  would  fly  exactly 
between  the  two  targets  ! 

3.3.  Noise  Introduced  by  signal  processing 

We  have  said  that  thermal  noise  introduces  noise  which  decreases  as  signal  to 
noise  ratio  increases.  This  would  lead  to  no  noise  when  the  missile  is  near  the 
target  (see  the  propagation  formula).  In  fact,  this  is  not  true  because  the  noise 
of  the  last  IF  amplifier  is  not  attenuated  when  the  signal  increases  and/or 
quantization  noise  have/has  to  be  taken  into  account. 

A  good  design  of  the  homing  head  has  to  make  that  noise  smaller  than  that  induced 
by  angular  glint. 

An  other  source  of  noise  that  induces  miss-distance  is  the  antenna  pointing  loop. 

For  simplification,  antenna  pointing  may  be  split  into  a  tracking  loop  and  a 
stabilization  loop. 

The  tracking  loop  has  to  point  the  antenna  to  the  target  using  information  qiven 
by  the  receiver.  Thus  its  performance  are  imposed  by  angular  measurement  quality. 
The  stabilization  loop  has  to  make  antenna  pointing  independant  of  rrUssi’e 
movements.  Such  a  loop  is  necessary  because  guidance  is  made  using  angular 
Information  measured  in  absolute  coordinates.  This  loop  has  a  greater  bandwith 
than  the  tracking  loop  one. 
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All  imperfections  of  these  loops  will  induce  miss-distance.  Among  these 
imperfections  we  can  quote 

-  backlashes  in  antenna  drive 

-  resonant  frequency  of  antenna  drive  mechanism 

-  threshold  of  motor 

-  noises  Introduced  by  angular  and/or  angular  rate  pickoff 

-  imperfections  in  signal  processing  (for  example  quantization  error  and  trigono¬ 
metric  approximations  when  it  is  digitally  made) . 

3.4.  Radome  aberration 

The  shape  of  the  radome  is  imposed  by  aerodynamic  considerations.  The  choice  of 
its  material  is  determined  by  thermal  and  strength  constraints  resulting  from 
aerodynamic  stresses. 

Unfortunately  that  does  not  lead  to  an  electrically  good  radome.  Radome  introduces 
losses  and  an  Insertion  phase.  If  the  insertion  phase  was  independant  of  the  point 
considered  on  the  radome,  no  modification  on  antenna  beam  would  occur.  This  is  not 
true,  and  the  major  effect  is  an  angular  deviation  of  the  beam  which  is  called 
radome  aberration. 

If  radome  aberration  was  the  same  whatever  the  antenna  position  was,  no  problem 
would  occur  during  guidance.  As  radome  aberration  varies,  de-stabilization  of  the 
miBslle  may  occur  in  some  flight  conditions  if  aberration  slope  is  too  high. 

In  order  to  make  the  aberration  slope  as  low  as  possible,  the  thickness  of  the 
radome  is  not  the  same  at  every  point  and  could  be  computed  by  specialized 
programs. 

When  the  radome  is  manufactured  some  imperfections  alter  this  theorltlcal  result. 

First,  thickness  can  only  be  obtained  with  a  given  tolerance  (tolerance  has  to 
be  compared  with  wavelengh) . 

Secondly,  the  material  used  may  not  be  homogenous  and  a  dielectric  constant 
change  will  occur  inducing  variations  of  electrical  performance. 

Thirdly,  temperature  causes  dielectric  constant  variation.  Here  the  problem  is 
difficult  to  appreciate  because,  during  flight,  temperature  is  not  constant 
throughout  the  thickness  of  the  radome  and  is  not  constant  along  the  radome 
(it  depends  also  on  the  missile  incidence). 

So,  the  radome  has  to  be  made  carefully,  then  it  is  measured  at  amblant  temperature 
in  order  to  be  rectified  or  to  be  compensated.  Compensation  means  taking  into 
account  the  measured  aberrations  in  the  angular  tracking  loop. 

But,  even  if  this  correction  is  perfect,  it  is  not  proven  that  this  correction 
will  be  valid  during  all  possible  flightB  (low  altitude  ones,  and  high  altitude 
ones) . 

The  problem  for  the  radome  designer  is  thus  to  spectlfy  the  aberration  slope  he 
can  get  within  a  given  cost.  At  present,  an  aberration  slope  lying  near  2  %  seems 
to  be  reasonable. 

The  radome  alco  has  other  imperfections  but  they  do  not  react  directly  upon 
guidance.  Side-lobes  level  of  the  antenna  increase  in  presence  of  the  radon*.  This 
is  mainly  due  to  reflections  upon  radome  wall  and  diffraction  by  the  radome  tip. 
There  is  also  creation  of  a  side-lobe  corresponding  to  reflection  of  the  antenna 
main  beam  upon  radome  wall,  and  thus  the  angular  position  of  that  lnbe  depends  on 
antenna  angular  position  inside  the  radome. 


3.5.  Effect  of  parasitic  signals 


Parasitic  signals  can  be  defined  as  signals  in  presence  of  which  a  bias  may  occur 
in  tracking  loops.  Thermal  noise  is,  with  that  definition  not  a  parasitic  signal. 

The  most  known  parasitic  signal  is  two  tarqets  instead  of  one  I  If  the  homing  head 
cannot  discriminate  and  track  only  one  of  them,  the  missile  will  fly  between  the 
two  targets. 

In  order  to  minimize  that  occurence,  the  smallest  gates  are  to  be  used.  If  it  is 
possible  for  velocity  and  range  one,  the  smallest  angular  gate  is  defined  by 
antenna  diameter  and  thu9  cannot  be  reduced  as  wished. 

An  other  parasitic  signal  is  ground  clutter.  If  clutter  was  white  noise,  no  bias 
would  occur.  For  diffused  clutter  that  is  true.  But  for  an  isolated  building,  for 
example,  it  is  not  true  and  some  precautions  have  to  be  taken  to  avoid  tracking 
loops  being  captured. 

4  -  CONCLUSION 

We  have  tried  to  point  out  most  of  the  imperfections  which  can  alter  homing  head 
working  during  the  detection  and  tracking  phases.  A  lot  of  them  are  inhere  t  in  radar 
theory  (like  noise,  clutter),  the  others  inherent  in  defects. 

The  result  is  that  the  homing  head  designer  has  to  make  compromises  in  order  to  obtain 
the  "best"  homing  head.  Fortunately  progress  in  technology  and  specially  in  digital 
processing  leads  to  building  a  more  and  more  powerful)  homing  head. 
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ABSTRACT : 

The  hits  are  differentiated  between  direct  hits  and  near 
pass.  In  the  case  of  near  pass  the  fragmenting  warheads 
transfer  the  HE-energy  to  the  target  much  more 
effectively  than  blast  warheads.  With  high  hit  densities 
special  «*yn#*-~4:it  tc  or  cumulative  effects  can  be  achie¬ 
ved,  This  will  be  discussed  in  details.  Special  high 
fragment  beam  densities  can  be  obtained  by  aimable  war¬ 
heads.  The  ef f ect iviness  of  warheads  will  be  described 
with  the  use  of  lethality  models. 


INTRODUCTION 

The  range  of  today's  air  targets  is  very  mu  ltifer  ious ,  both  with  regard  to  their  size 
and  to  their  speed.  Apart  from  the  large,  but  slow  transport  aircraft,  air  targets  are 
considered  mainly  to  be  fighter  bombers  wh ich cons t itu te  a  direct  threat  to  defence. 
Moreover,  also  the  reconnaissance  aircraft  which  usually  fly  at  very  high  altitudes 
should  be  taken  into  consideration. 

Also  missiles  pertain  to  the  class  of  air  targets,  e.g.  navaltarget  missiles  that 
attack  close  above  the  waterline  and  which  are  known  as  Sea  Skimmers,  or  missiles  that 
attack  on  the  dive.  Both  have  an  especially  small-area  silhouette. 

Furthermore,  tactical  and  strategic  missiles  must  be  considered,  too.  These  are 
particularly  difficult  to  fight  because  they  are  relatively  small  and,  on  the  other 
hand,  they  have  a  rather  tough  overall  structure  presenting  only  very  few  vulnerable 
components  during  the  terminal  flight  phase. 

In  response  to  the  great  variety  of  air  targets,  the  range  of  possible  warheads  is 
very  wide,  too  (Annex  Is  "Air  Target  Warheads"),  It  is  not  possible  to  describe  all 
fundamental  details  within  the  scope  of  this  paper,  but  an  attempt  is  made  to 
highlight  the  operating  principles  and  to  indicate  a  few  trends  of  development  which 
in  the  autor's  opinion  are  of  particular  interest. 

With  regard  to  the  warhead  it  does  not  really  matter  whether  the  launch  platform  is 
surface-based  (Surface-to-Air-Missiles  -  SAM)  or  whether  it  is  airborne  (Air-to-Air 
Missiles  -  AAM  or  AIM)  (Fig.  2  -  9461).  For  the  warhead,  all  targets  are  air  targets, 
whereas  the  missile  has  to  take  the  respective  launch  platform  into  consideration  with 
regard  to  its  seeker,  guidance,  controls,  motor,  look  angle,  direction  of  attack  and 
range.  Perhaps  different  engagement  situations  may  occur,  depending  on  the  type  of 
mission,  and  this  must  be  taken  into  consideration  for  the  design  of  a  warhead  (  Fig. 
3  -  9467) . 


DIRECT  HITS 

In  the  engagement  of  a  missile  with  a  target  there  are  two  basically  different 
possibilities  (Fig.  4  -  9465): 

-  direct  hits 

-  near  misses. 

Sma  1 1 -c  a  1  ibe  ^  e  c  t  i  le «  do  normally  not  have  a  proximity  fuze  and  therefore  need  a 

direct  hit  cr.  the  target  in  order  to  succeed.  The  high  repetition  rate  of  guns  can 
well  offer  the  opportunity  of  direct  hits  in  a  salvo,  if  the  air  target  comes  within 
the  range  of  the  weapon  system. 

With  missiles,  which  usually  are  designed  for  longer  ranges,  direct  hits  are  rather 
rare.  The  author  knows  of  only  one  weapon  system,  namely  BAe's  Rapier  in  the  UK,  which 
has  no  proximity  fuze  but  a  semi-armor-piercing  warhead  for  penetration  into  the  air 
target  (Fig.  5).  The  warhead  alone,  which  has  an  overall  weight  of  ...  kg  and  a  charge 
weight  of  ...  kg,  is  certainly  sufficient  to  incapacitate  an  air  target. 
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A  comparison  of  the  kill  probabilities  for  projectiles  of  froa  20  to  56  as  caliber, 
based  on  a  considerable  number  of  literature  references  (Pig.  6  -  94131,  shows  that  in 
the  case  of  a  direct  hit  the  Rapier  warhead  should  have  a  practically  100  9  kill 
probability  against  f ighter-bonber  class  air  targets.  It  should  be  eapbasized  that 
neither  the  air  target  nor  the  direction  of  approach,  nor  the  specific  design  of  the 
projectile  are  exactly  given  in  Fig.  6  -  9433,  which  explains  the  wide  range  of  kill 
probabilities  versus  the  caliber. 

Mention  should  also  be  made  of  the  fact  that  the  structural  weight  of  aediuerange 
systems  (i.a.,  no  shoulder  weapons)  is  already  so  high  that  a  direct  hit  on  an  air 
target  with  a  relative  velocity  of  froa  300  to  1000  a/s  will  result  in  heavy  damage  on 
the  target.  Fig.  7  -  9445  gives  an  indication  of  the  structural  weights  of  a  few 
SAM's,  and  of  the  possible  range  of  relative  velocities  -  or  impact  velocities  -  and 
the  corresponding  energies,  as  expressed  in  the  equivalent  kilogram  weight  of  TNT. 

When  the  warhead  of  a  missile  detonates  before  impact  on  the  target,  the  missile 
structure  near  the  warhead  will  be  heavily  damaged.  However,  the  maim  mass  of  the 
missile,  which  consists  of  the  motor,  stabilization,  etc.,  keeps  flying  in  the  same 
direction,  at  least  over  short  distances  of  a  few  meters,  and  may  therefore  hit  the 
target  to  produce  considerable  damage. keeping  this  in  mind,  the  usual  severe  require¬ 
ment  for  the  proximity  fuze  not  to  respond  prematurely  in  the  case  of  a  direct  hit  may 
not  appear  so  very  important.  The  larger  the  missile,  the  less  significant  is  this 
requirement. 


EFFECT  AT  MISS  DISTANCE 

In  generel,  the  possibilities  of  guided  control  at  long  range,  or  the  seeker  accuracy 
-  in  particular  in  the  case  of  counter-measures  of  the  target  to  be  attacked  -»  or, 
the  control  accuracy  of  the  miseile  against  highly  maneuverable  targets  are  not 
sufficient  for  direct  hits  to  occur  at  high  probability.  Usually,  the  alssile  passes 
by  the  target  at  a  rather  close  distance  of  only  a  few  meters.  A  tew  meters  mean 
almost  a  direct  hit,  when  a  typical  target  -  a  fighter  bomber  -  about  20  to  30  a  long 
and  5  to  10  m  wide  is  being  considered. 

In  such  a  near  miss,  or  near  pass,  "energy*1  must  be  released  at  the  right  moment  in 
order  to  fight  the  target  efficiently  (Fig.  8  -  9379).  In  general,  this  energy  is 
stored  in  the  warhead. 


SOURCE  or  ENERGY 

Quite  generally,  the  source  of  energy  is  the  chemical  energy  stored  in  the  high 
explosive  charge.  The  particular  performance  of  high  explosive  charges  is  not  its 
extraordinarily  high  energy  content,  which  is  of  the  order  of  3000  kJ/kg  and,  there¬ 
fore,  is  only  about  one  tenth  of  that  of  petrol  or  coal  which  use  the  oxygen  of  the  air 
for  combustion,  whereas  explosives  and  propellants  have  the  oxygen  necessary  for  the 
reaction  (burning)  stored  in  a  molecular  fora.  The  specific  feature  of  high  explosives 
is  their  extremely  high  reaction  rate,  viz.  their  detonation  velocity.  This  means  thag 
their  "power"  and  gas  production  per  unit  time  is  greater  by  a  factor  of  about  103 
than  any  other  chemical  reaction  (Fig.  9  -  9377). 

The  reason  for  this  is  that  the  reaction  is  set  off  and  is  maintained  by  a  shock  wave, 
namely,  the  detonation  wave,  which  in  high-energy  military  explosives  propagate”  at 
8000  to  9000  m/s  Instead  of  at  only  a  few  tens  of  meters  per  second,  as  in  the  case  of 
the  combustion  of  rocket  propellants  (Fig.  10  -  9376). 

According  to  the  Germen  DIN  20  163  standard,  explosives  are  generally  classified  as 
high  e-plosives,  propellants,  primary  explosives,  and  pyrotechnic  mixtures  (Fig.  11  - 
9378).  High  explosives,  in  turn,  are  divided  into  military  high  explosives,  which  at* 
designed  for  high  energy  content,  environmental  stability,  low  sensitivity  and  long 
in-service  life,  and  commercial  explosives,  which  above  ail  have  to  be  inexpensive. 
Commercial  h * gh  explosives  are  again  sub-classed  as  either  blasting  explosives  or  as 
permisaibles  (permissible  high  explosives,  safety  explosives  for  use  in  underground 
mining)  .  The  latter  produce  no  toxic  reui  Mon  products  with  NO  and  CO,  and  they  are 
al3o  not  able  to  ignite  firedamp. 

The  energy  content  of  military  high  explosives  for  blast  and  fragment  acceleration  Is 
today  largely  extracted  to  the  ultimate.  In  the  near  future  there  will  be  no  high 
explosives  that  have  a  higher  energy  content  than  RDX  and  HMX ,  which  at  present  *-» 
the  most  widely  used  h*g! 

On  the  other  hand,  research  and  development  for  insensitive  high  explosives  has  made 
considerable  progress.  Today  there  are  high  explosives  available  which  in  practice 
resist  to  much  higher  temperatures,  namely,  to  200  to  300  °C,  than  do  RDX  (about  140 
”C]  or  HMX  (160/170  *C)  . 

In  particular,  the  hitherto  preferably  used  "binding  agent"  TNT,  which  melts  at  about 
80  °C,  is  being  replaced  by  plastic  binders.  Such  explosives  are  now  mainly  used  in 
filling  the  warheads  of  air-to-air  mirsiles  which  are  liable  to  attain  enhanced 
temperatures  by  aerodynamic  heating.  Moreover,  insensitive  explosive  mixtures  are 
being  developed  to  be  resistant  to  bullet  attack  and  fuel  fire  hazards  (Fig.  12  - 
9436) . 
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BLAST  EFFECT 

All  warhead*  for  stand-off  effect  are  filled  with  a  high  explosive  charge.  On 
detonation  of  the  latter,  the  latent  chenlcal  energy  is  released  producing  -  in  the 
case  of  military  high  explosives  -  about  1000  liters  of  high-pressure  high-temperature 
gas  (3000  6K  -  5000  °K)  per  kilogram  of  explosive.  Pressures  are  in  the  order  of 
several  10  GPa.  The  gas  attempts  to  expand,  thus  compressing  the  surrounding  air  which 
it  pushes  away.  This  results  in  what  is  known  as  a  blast  wave  (Fig.  13  -  9381). 

In  general,  the  blast  effect  is  considered  to  be  easy  to  calculate.  However,  going 
into  greater  detail  one  will  discover  the  complexity  of  the  interaction  between  a 
blast  wave  that  ie  cha r ae t e r ir ed  by  peak  overpressure  Pm4x>  positive  phase  duration 
t  ,  and  positive  phase  impulse  I+,  and  the  target  structure  that  may  consist  of  many 
components  having  different  strengths  and  natural  frequencies  of  vibration  (see  the 
attached  papers  "Blast  Waves  in  Free  Air"  (Annex  2)  and  "TNT-Equivalent,:  (Annex  3)). 

For  a  rough  estimate,  a  square— root  law  can  be  assumed  for  the  charge  weight  in  the 
D-varsus-W  plan*  (Fig.  Id  -  9383)  i 


D  «  K  w, 

where  the  value  of  K  is  in  the  range  of  0,3  to  0,5  m/  kg,  depending  on  the  type  of 
target.  For  smaller  charges,  however,  the  distances  D  from  the  air  target  must  not  be 
measured  from  a  center  of  mass,  but  they  must  be  taken  from  a  line  or  surface  of 
reference  (Fig.  IS  -  9384). 


FRAGMENT  WARHEADS  /  FRAGMENT  EFFECTS 

The  high-pressure  gases  from  a  detonating  high  explosive  charge  are  capable  of 
accelerating  the  casing  in  which  they  are  enclosed,  and  to  impart  it  a  high  velocity 
that  depends  on  the  cha rge- to-cas ing  mass  ratio.  A  smooth  casing  will  be  broken  up 
into  so-called  "natural  fragments",  that  is  into  both  small  and  large  fragments.  For  a 
most  efficient  attack  to  a  target,  however,  a  favorable  site  of  fragment  is  sought, 
which  can  be  obtained  by  controlled  fragmentation  or  by  using  preformed  fragments. 
Fast  and  heavy  fragments,  though  few  in  number,  can  be  produced  from  multi-projectile 
warheads.  Especially  faBt  fragments  can  be  obtained  from  the  so-called  multi- 
ehaped-charg*  warheads  with  peak  velocities  of  up  to  4  -  5  km/s. 

A  continuous,  expanding  rod  can  be  obtained  by  a  cleverly  engineered  arrangement  of 
rods  that  surround  the  charge  and  which  are  welded  together  at  their  ends.  Particu¬ 
larly  high  hit  densities  can  be  reached  with  "air.able  warhead9"  (Fig.  16  -  9413). 

While  a  blast  wave  so-to-say  continuously  covers  the  entire  space,  thus  having  a  quite 
limited  range  of  action,  a  detonating  high  explosive  charge  is  able  to  bring  a 
fragment  casing  to  a  high  velocity  so  that  the  fragments  transmit  concentrated  energy 
over  long  distances!  hewever,  this  is  done  only  along  the  discrete  trajectories  of  the 
fragments  between  the  warhead  and  the  target  (Tig.  17  -  9468). 

The  fragments  are  accelerated  for  one  by  the  shock  wave  that  is  Induced  in  the  casing 
and  which  entails  a  material  velocity  of  the  casing,  and,  secondly,  they  suffer  an 
after-acceleration  by  shock  reverberations  and  by  the  expanding  reaction  gases  of  the 
detonation  (Fig.  18  -  9382).  Depending  cn  the  cha r ge -t o-ca s i ng  mass  ratio,  velocities 
are  from  about  1000  to  25CO  m/s.  To  a  first  approximation,  which  is  actually  valid 
only  for  an  infinitely  long  cylinder,  the  fragment  velocity  can  be  calculated  from  the 
ratio  of  mass  of  the  casing,  m,  to  mass  of  the  high  explosive  charge,  c  (usually 
termed  "metal-to-charge  ratio,  m/c),  by  means  of  the  Gurney  formula, 

v  -  2S  (m/c  +  0,S)'1/J 
o 

whe re  2  E  is  Known  as  the  Gurney  energy  constant/  which  is  an  experimental  conotant 
having  a  value  of  between  2.0  and  2*8  km/s  ,  depending  on  the  type  of  high  explosive 
charge  and  on  the  design  of  the  casing. 


FRAGMENT  KILL  MECHANISMS 

The  call  for  an  "optimum  fragment"  will  imply  the  type  of  target  components  and  on  the 
kill  moc,i-..i8ni8  that  are  effective.  If,  however,  optimization  of  the  fragments  13 
considered  with  vulnerability  models,  then  it  is  rather  the  "kill  criterion"  that  has 
be*n  us<»d  than  the  kill  melanism  di-t  of  importance  ’•  ~  "  0  +  £2',  • 

The  following  kill  mechanisms  can  appear  (  Fig,  20  -  9415): 

-  penetration  or  perforation  performance,  P,  which  certainly  is  the  fundamental 
quantity 

-  depth  of  penetration,  combined  with  the  diameter  of  the  hole,  Pxtfj  this 
indirectly  implies  the  hit  probability  against  a  large  number  of  components, 
9Uch  as  wire  bundles,  rods,  hydraulic  lines,  etc. 

-  volume  V  as  determined  from  depth  of  penetration  times  cross  sectional  area  of 
the  hole,  Px# 
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-  momentum,  which  is  particularly  significant  for  the  plastic  deformation  of  com¬ 
ponents 

-  energy,  with  energy  meaning  practically  the  same  as  volume,  because  the  depth  of 
penetration  and  the  volume  directly  correlate  with  one  another  (Fig,  21  -  9447) 

-  structural  kill,  which  is  derived  experimentally  from  the  geometric  mean  of 
energy  and  energy  density,  which  also  Involves  specific  cumulative  or  syner¬ 
gistic  effects 

-  power  P,  which  is  given  by  energy  per  unit  time. 

All  the  quantities  given  above  are  usually  valid  not  only  for  a  single  fragment  but 
also  for  the  sum  of  many  fragments  that  hit  a  target.  They  must  therefore  be  consi¬ 
dered  in  context  with  the  hit  density,  1,  e«,  with  the  number  of  hits  per  unit  area. 

The  dimension  of  the  structural  kill  criterion  is  that  of  a  force,  which  can  be 
expressed  in  Newtons.  The  number  of  hits  required  to  fulfill  this  criterion  must  be  n> 
50.  Practical  values  for  the  structural  kill  criterion  are  values  of  1  HN  and  above 
(Fig.  22  -  9416) . 

The  power  or  power  density  criterion  has  been  little  used  up  to  now  because  the 
cumulative  and  synergistic  effects  have  not  yet  been  investigated  experimentally  to 
satisfaction  (Fig.  23  -  9464). 

Considering  the  critical  components  of  a  typical  air  target  and  the  kill  mechanisms 
that  can  destroy  there,  one  will  find  that  the  entire  range  shown  above  plus  the 
fragment  velocity,  which  may  be  responsible  for  the  reaction  and/or  for  the  initiation 
of  propellants  and  high  explosives,  are  involved  (Fig.  2-1  -  9418). 

CUMULATIVE  AND/OR  SYNERGISTIC  EFFECTS 

The  question  is,  how  can  a  higher  kill  probability  against  an  air  target  be  achieved 
(Fig.  25  -  9463)7  Quite  generally,  this  is  possible  by  more  energy,  which  in 
particular  means  higher  fragment  velocity,  since  this  contributes  to  energy  by  its 
square,  and  by  more  mass,  which  appears  in  the  energy  term  only  linearly.  However, 
more  velocity  and  more  mass  for  the  fragments  usually  means  heavier  and  bigger  war¬ 
heads. 

The  above  example  has  shown  that  specific  effects,  such  as  structural  kill  and  power 
density,  go  along  with  higher  hit  density,  i.  e.  with  narrower  fragment  beams. 

It  has  also  been  mentioned  that  the  efficiency  can  be  increased  by  what  is  known  as 
synergistic  effects.  Synergistic  moans  that  an  effect  A  and  B  is  not  equal  to  the  sum 
of  A  plus  B,  but  ia  greater  than  A  plus  B. 

We  shall  now  briefly  explain  the  mechanisms  of  action  of  the  cumulative  effects.  If 
the  individual  impacts  of  fragments  in  a  target  are  spaced  widley  in  time,  i,  e.  t< 
t  ,  they  wlli  cause  no  apecific  weakening  of  the  target.  If,  however,  the  fragments 

impact  at  high  area  density  and  in  rapid  succession,  i.  e.  when  t  <  t  ,  then 

cumulative  effects  will  occur.  In  general,  cumulative  effects  can  be  classed  as 
mechanical,  hydraulic,  and  vnpourlfic  effects  !  Fig.  26  -  6996  a). 

Mechanical  cumulative  effects  are  due  to  the  supe r impos it  ion  of  the  individual 
fragment  impacts  in  the  target,  when  the  fragments  are  not  Independent  penetrators, 

but  when  there  are  interconnected  Impacts  by  a  concentrated  fragment  beami  this  means, 
the  fragments  at  high  number  density  per  unit  area  and  within  a  very  short  interval  of 
time  (Fig.  27  -  9419). 

The  upper  part  of  Fig.  28  -  3761  shows  an  x-ray  flash  radiograph  of  a  fragment  beam, 

the  lower  part  shows  the  effect  in  a  spaced  target  consisting  of  4  mm  thick  DURAL 

plates  spaced  at  100  mm. 

When  a  fragment  hits  a  target  plate  and  perforates  it,  both  target  and  fragment 

material  will  partially  vaporize.  This  vaporized  metal  is  very  susceptible  to  reaction 
with  the  oxygen  of  the  surrounding  air.  The  sequence  of  frames  of  a  7-ram  steel  sphere 
perforating  a  2-mm  DURAL  plate  at  angles  of  0°,  30°,  and  60°,  which  were  recorded  as 
shadowgraphs  from  an  argon  flash  bomb  background  illumination  at  a  speed  of  JO  frames 
per  second,  clearly  show  the  formation  of  this  fine  dust  cioud,  in  particular  on  the 
side  of  entrance  of  the  sphere  (Fig.  29  -  Fig.  3  1  ,  3762,  3759,  3760).  This  vapour 

cloud  of  very  fine  metal  with  new  and  non-ox  id  lied  surfaces  reacts  with  the  oxygen  of 

the  air  and  in  this  way  creates  an  additional  pressure  that  acts  on  the  target  plate 
from  outside.  The  smoke  narks  that  can  often  be  found  on  the  impact  side  of  the  target 
plates  are  due  to  tills  ■'Hnoaenon, 

But  also  on  the  rear  side  there  is  fine  target  and  fragment  material  which  has  a  very 
high  reactivity  with  the  oxygen  of  the  surrounding  air.  The  pictures  in  Fig.  32  -  4117 
show  how  the  fragments  increasingly  shatter  on  impact  with  increasing  velocity  of 
impact,  in  this  case  It  was  a  steel  and  a  cadmium  sphere  with  velocities  ranging  from 
700  to  1600  m/s  and  fired  against  a  2  mm  DURAL  plate.  Fig.  33  -  4127  shows  the  almost 
complete  shattering  of  a  9  mm  diameter  steel  sphere  fired  at  velocities  as  a  function 
of  the  impact  velocities  ranging  from  300  m/s  up  to  about  3000  ra/s  (  Fig.  34  -  R. 

Recht ) . 


The  reaction  of  the  vapour  cloud  with  the  oxygen  of  the  air  occuring  on  inpact  in 
front  of  the  target  plate  creates  a  very  short  external  overpressure  that  acts  on  the 
target  plate  and  which  in  the  c?*e  of  high  hit  densities  may  well  crush  a  planking* 

On  the  other  hand,  the  reaction  in  the  closed  volume  behind  the  target  plate  will  heat 
the  gas  by  reactions  and/or  by  the  hot  and  small  fragment  particles,  thus  creating  a 
quasi-static  internal  overpressure.  This  overpressure  can  be  measured  and  lasts  for 
several  milliseconds  (Fig.  35  -  9437  and  Fig.  36  -  3259). 

A  hydraulic  shock  effect  is  produced  when  liquid  tanks  are  hit  by  fragments  or 
projectiles.  It  seems  surprising  at  first  glance  that  the  perforation  performance  of 
the  fragments  decreases  again  with  increasing  velocity  (Fig.  37  -  7928) •  For  3*5  gram 
and/or  7  gram  fragments,  the  highest  penetration  performance  is  obtained  in  the  range 
of  about  1200  -  1400  m/s*  This  is  readily  understood  when  the  deformation  of  the 
#r*7toents  at  different  velocities  is  examined  (Fig*  38  -  7944). 

While  they  are  only  slightly  shortened  at  600  m/s,  they  arc  slightly  eroded  and 
deformed  mushroom-like  at  1000  m/s,  and  they  are  strongly  eroded  when  they  are  shot 
into  the  water  at  a  velocity  of  1800  m/s.  With  increasing  velocity,  the  fragment  area 
is  increasingly  broadened  and  the  mass  is  reduced  by  erosion  so  that  the  fragments 
velocities,  in  particular  the  first  tanks  are  more  and  nore  damaged  by  the  stronger 
hydraulic  shock  caused  by  the  higher  energy  induced  (Flu.  39  -  7942  and  Fig.  40  - 
7943).  A  considerably  stronger  destructive  effect  caused  by  addition  and  cumulation 
will  of  course  occur  when  a  greater  number  of  fragments  hit  a  hydraulic  tank* 

The  critical  time  differences  necessary  for  cumulative  and  synergistic  effects  can  be 
derived  from  an  analysis  of  the  phenomena  (Fig*  41  -  9420).  In  metals,  the  shock  waves 
must  superimpose  and  the  hit  density  must  be  relatively  close*  Assuming,  for 
simplicity,  that  the  fragments  have  a  distance  of  not  more  than  50  mm  from  one  another 
and  that  the  sound  velocity  is  5  mm/us,  one  will  find  a  critical  time  difference  of 
about  10  us  for  the  hits  of  fragments*  For  the  superposition  of  shock  waves  in  a 
liquid  with  a  typical  sound  velocity  of  1,5  mm/us,  a  critical  time  of  100  us  will 
result  when  the  fragments  impact  at  distances  of  150  mm  from  one  another* 

For  the  quasistatic  overpressure,  produced  by  fragment  Impacts  in  a  closed  chamber, 
times  will  be  in  the  range  of  1000  us,  or  1  ms. 

In  other  words,  this  means  that  cumulative  vapouriflc  effects  by  internal  pressure 
enhancement  will  practically  always  occur,  if  only  the  hit  density  is  sufficient,  i. 
e.  when  many  fragments  enter  the  same  area  or  volume.  Superimposed  hydraulic  shock 
effects  require  time  intervals  that  are  shorter  by  a  factor  of  10,  and  the  mechanical 
cumulative  effect  requires  a  particularly  "simultaneous"  arrival  of  fragments. 

Apart  from  hit  density  and  hit  rate,  also  the  specific  shape  of  the  fragment  plays  its 
part  in  the  cumulative  effects,  in  particular  in  the  vapourific  effect. 


AIMABLE  WARHEADS 

Warheads  can  be  classed  according  to  their  fragment  distribution  (  Fig.  42  -  4626  a). 
Sometimes,  wide  elevational  fragment  spray  angles  are  required  or  provided  in  order  to 
hit  a  larger  area  of  an  air  target  and/or  in  order  to  "compensate"  for  inaccuracies  of 
fuzing.  However,  this  means  that  a  large  number  of  fragments  will  miss  the  target  - 
depending  on  the  miss-distance  and  on  the  size  of  the  target. 

Narrow  fragment  beams,  down  to  parallel  fragment  trajectories,  are  required  in  order 
to  achieve  an  enhanced  cumulative  effect.  In  this  way,  cumulative  and  synergistic 
effects  can  be  obtained  at  least  up  to  certain  distances* 

A  very  narrow  beam  is  obtained  with  the  continuous  rod  warhead,  in  which  the  rods, 
which  are  welded  together  at  their  ends,  unfold  as  a  continuous  ring.  However,  this 
type  of  warhead  is  now  less  anu  less  used  at  the  higher  relative  velocities  and  more 
complex  interceptions,  because  the  expansion  velocity  of  the  ring  from  such  a  warhead 
is  for  various  reasons  limited,  and  because  the  targets  have  struts  and  reinforcements 
at  certain  places  whi-h  eliminate  a  structural  kill  by  such  a  warhead. 

Aimable  warheads  give  higher  hit  densities,  i.  e.  fragments  per  unit  area,  which 
depend  less  on  distance. 

The  dependence  of  the  hit  density  on  distance  is  evident  from  the  following  simplified 
formulas  (  Fig.  43  -  7932a).  For  a  conical  angle  of  aperture,  the  hit  density  n 
decreases  as  the  square  of  the  distance  R  (n  1/RJ).  In  the  case  of  parallel  fragment 
trajectories  it  goes  linearly  with  distance  (n  -v-  l/R),  and  for  an  aimable  warhead  with 
exactly  parallel  fragment  trajectories  it  would  be  completely  independent  of  distance, 
n  m  kon s tan t )  • 

Moreover,  one  should  distinguish  between  directional  and  aimable  warheads  (Fig,  44  - 
4472).  "Directional"  warheads  always  have  a  specific  direction,  e.  g„  the  missile  axis 
or  transversely  to  it,  that  is,  a  radial  direction  or  even  multiple  radial  directions. 
In  the  case  of  radially  "aimable",  a  radial  specific  direction  of  fragment  of  energy 
performance  is  created  only  immediately  before  detonation  of  the  warhead,  i.  e.  at 
target  engagement  so-to-say. 
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With  today's  high  engageroen t  velocities  and  high  maneuverability  of  air  targets  and 
missiles,  directional  warheads  cannot  be  used  at  present,  at  least  not  with  the 
technology  existing  at  present*  Ideas  to  use  e,  g,  elliptic  warheads  and  to  aim  at  the 
target  with  the  wide  side  of  the  warhead  by  rotating  the  entire  missile  have 
repeatedly  been  abandoned. 

However,  several  institutions  have  undertaken  to  study  "almable  warheads".  But  also 
with  these,  "mechanical  adjusting"  or  aiming  of  the  warhead  within  the  missile  with 
the  means  available  today  has  proven  to  be  too  slow  in  roost  of  the  cases.  The  space 
and  weight  required  for  control  unite  that  would  permit  fast  rotations  to  be  made  are 
too  much  for  to  pay  off. 

Jn  contrast  to  this,  "steerable"  warheads,  1.  e,  such  in  which  aiming  is  achieved  by 
control  of  the  detonation  wave  or  "detonation  wave  aiming",  can  be  put  into  action  in 
almost  no  time,  1.  e*  within  a  span  of  microseconds.  However,  the  gain  in  fragment 
velocity  is  only  10  to  20  %,  and  the  gain  in  energy  at  comparable  hit  densities  is 
therefore  about  20  to  40  %,  which  i3  rather  moderate. 

A  "mechanical  deformation",  e.  g.  by  py rotechn ica 1 ly  opening  the  warhead  to  present  a 
large  area,  will  also  require  too  much  time  to  be  practicable. 

Considerably  higher  hit  densities  can  be  achieved  by  "deforming  the  warhead",  in 
particular  by  "detonative  deformation"  with  which  the  entire  sequence  of  functions  is 
a  matter  of  milliseconds. 

For  a  better  understanding,  Fig.  45  -  7838a  schematically  shows  a  "steerable",  a 

quadrant  opening  as  a  "mechanically  deformable"  and  a  "detona t ive  ly  deformable" 
wa  rhead  . 

The  increase  in  efficiency  of  a  warhead  can  be  considered  with  regard  to  the  increase 
in  energy  imparted  to  the  target  and,  hence,  to  the  increased  kill  probability 
{expressed  in  terms  of  a  higher  E/E  )  at  constant  distance  R  and  constant  warhead 
mass  M  ,  or  with  regard  to  the  increase  in  distance,  R/R  ,  at  ^constant  energy  E  and 
constant  warhead  mass  M  ,  or  with  regard  to  a  reduction0  in  mass,  M/M  ,  at  constant 
energy  E^  and  constant  miss-distance  R  .  Fig.  46  -  9438  gives  a  rough0  Indication  of 
the  values  for  a  warhead  with  detonation  wave  aiming  and  for  a  detonatively  deformable 
warhead  as  compared  to  a  conventional  fragment  warhead.  The  gain  in  energy  of  the 
warhead  with  detonation  wave  aiming  is  about  20  to  40  %,  whereas  the  increase  in  range 
is  only  of  the  order  of  10  to  20  %,  or  the  reduction  in  weight  is  in  the  range  of  0,8 
to  0.7. 

In  the  case  of  a  detonatively  deformable  warhead  the  gain  factors  are  much  more 
favourable:  the  energy  gain  is  about  2  to  4,  which  means  a  correspondingly  higher  kill 
probability,  the  factor  of  increase  in  permissible  miss-distance  or  range  is  about  1.4 
to  2$  and  the  warhead  mass  can  be  reduced  by  a  factor  of  0.6  to  0.4. 

The  relative  costs  for  a  detonatively  deformable  warhead  are  higher  by  a  factor  of  2, 
the  required  more  complex  safety-and-armlng  unit  by  a  factor  of  10,  and  the  specific 
sensor  giving  the  required  azimuthal  resolution  is  by  a  factor  of  1,5  more  costly 
than  a  regular  sensor  of  a  conventional  warhead,  respectively  iFlg,  47  -  9439).  These 
relative  costs  can  be  quantified  by  multiplication  by  the  fractional  costs  of  the 
components  j  the  warhead  itself  Is  in  the  range  of  3  %,  the  safety-and-arrr. ing  unit 

around  o,l  %,  and  a  regular  proximity  fuze  runs  up  to  about  10  %  of  the  overall  costs 
of  a  missile.  The  total  fractional  costs  for  a  conventional  warhead  including  the  SAU 
and  the  sensor  amount  to  about  13,1  4. 

By  multiplying  the  increased  costs  for  the  detonatively  deformable  warhead  by  the 
fractional  co9t9,  one  will  find  these  to  amount  to  about  1  %  for  the  SAU,  about  6,6  % 

for  the  warhead,  and  about  15  %  for  the  sensor,  which  adds  up  to  23  %.  This  means  that 
the  fractional  costs  of  these  components  rises  from  13  to  23  %  of  the  missile  costs. 
This  does  not  include  the  costs  for  the  launcher,  for  the  firing  unit,  for  logistics, 
e  t  c . 

Hcwever,  the  highest  gain  by  a  detonatively  deformable  almable  warhead  will  have  to  be 
traded  in  for  the  highest  costs  and  risks  of  development.  At  present,  certainly  not 
all  components  have  already  been  developed  for  p roduc i b ]  1  1  ty  ;  a  development  period  of 
5  to  6  years  and  an  evaluation  time  of  another  2  years  will  have  to  be  taken  into 
consideration.  This  means  that  the  earliest  in-scrvice  use  of  a  detonatively  defor- 
xabie  warhead  could  be  in  eight  years1  tine  from  now  (Fig.  48  -  9440). 

On  the  other  hand,  the  components  for  a  warhead  with  detonation  wave  aiming  are  known. 
For  a  specific  warhead  geometry  they  would  only  have  to  be  adapted  and  tested  by  an 
adaptation  development,  which  appears  to  be  feasible  within  a  time  of  3  years, 
including  the  required  environmental  proving.  Evaluation  would  require  another  2  years, 
so  production  could  commence  in  about  5  years. 
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COMPARISON  OF  WARHEADS 

With  the  SIDEWINDER  warhead  as  an  example*  we  shall  now  present  the  various  principles 
of  warheads*  as  they  are  used  in  practice  or  as  they  might  evolve. 

The  Mk  9  B  warhead  contains  a  cast  aluminized  HBX1  charge  and  has  a  smooth  steel 
casing,  which  on  detonation  of  the  charge  is  broken  up  into  controlled  fragments  by  a 
sheet  of  plastic  liner  with  a  roof  pattern  (Fig.  4?  -  8363  and  Fig.  50  -  8373). 

The  Mk  9L  warhead  contains  a  plastic-bonded  high  explosive  charge  with  2  layers  of  rod 
fragments.  A  very  narrow  fragment  cone  is  produced  by  double-end  r ing- in  it iat ion  (Fig, 
51  -  8362). 

A  detonation  wave  aiming  warhead  with  an  8-fold  simultaneous  Initiation  along  a 
cylinder  generating  line  by  means  of  a  aetonative  logic  is  sketched  in  Fig.  52  -  8360. 
It  has  been  mentioned  above  that  the  technological  details  do  in  principle  exist.  They 
need  only  to  be  adapted  to  the  given  warhead  mass  and  geometry. 

Finally,  a  detonatively  almable  warhead  with  its  deformation  charges,  an  attenuaticn 
layer,  the  main  charge,  etc.  is  schematically  shown  in  Fig.  S3  -  8361. 

Quite  generally,  the  costs  of  the  warhead  proper  of  surface-to-air  missiles  are  of  the 
order  of  3  *  (Fig.  54  -  9441). 

The  continually  increasing  costs,  in  particular  those  of  seekers  and  sensors  make  it 
possible  to  Introduce  also  more  efficient  and,  hence,  also  more  expensive  warheads, 
the  fractional  costs  of  the  warhead  and  of  the  s  a  f  o  ty-and -a  rm  ing  unit  would  in  this 
case  not  change  at  all.  This  becomes  evident  from  a  look  at  the  trend  of  the  costs  of 
new  missile  systems  quite  generally  (Fig.  55  -  9442). 


MODELS  OF  EFFECTIVENESS 

The  statements  usually  made  about  the  effectiveness  of  warheads  are  based  mainly  on 
model  calculations.  Quant ltu ive  measurements  at  modern  air  targets  are  relatively 
rare.  Trials  are  usually  conducted  against  older  components  of  aircraft  or  against 
entire  older  aircraft.  Owing  to  the  exorbitant  costa  of  such  trials,  their  number  is 
rather  limited.  The  uncertainties  of  a  correct  extrapolation  become  still  higher, 
because  modern  targets  of  the  potential  enemy  are  not  available. 

Calculations  of  the  encounter  probabilities  in  azimuthal  and  polar  ( e ie va t ion  a  1 ) 
directions,  and  of  the  relative  speeds  to  be  expected  present  no  problem  (Fig.  56  - 
9443).  More  critical  are  the  ways  of  calculating  the  fuzing  times  by  means  of  fuze 
models,  because  the  complex  physical  phenomena,  in  particular  the  ones  Involved  In 
radar  sensors,  are  only  difficult  to  describe.  In  general  one  determines  one  trajec¬ 
tory  and  makes  the  warhead  detonate  on  this  line  at  constant  distances  in  order  to 
calculate  subsequently  the  locations  of  the  hits  in  the  target.  With  the  type  of  war¬ 
head  known,  the  velocity,  mass  etc.  of  the  fragments  hitting  the  target  can  be  given 
exactly.  On  the  other  hand,  also  the  material  thicknesses  to  be  perforated,  the  frag¬ 
ment  residual  velocities,  the  hits,  and  the  depth  of  penetration  in  critical  compo¬ 
nents  can  be  calculated  exactly  if  the  target  Is  known. 

Statements  as  to  whether  components  that  have  been  hit  will  really  be  incapacitated 
should  be  regarded  critically.  As  was  mentioned  above,  the  component  kill  criteria  are 
critical  per  se  and,  on  the  other  hand,  they  depend  to  a  considerable  extent  on  the 
velocity,  mass,  density  and  shape  of  the  fragments  as  well  as  or.  the  roal  number  of 
hits,  on  the  hit  density,  on  the  pyrophoricity  of  the  fragments,  and  so  on. 

Statements  as  to  the  behavior  of  the  target  when  one  or  several  components  have  been 
damaged  will  usually  present  no  problems. 

Usually,  a  quite  simple  damage  prediction  criterion,  namely  eneVgy  density,  is 
employed  because  the  kill  criteria  and  the  kill  mechanisms  for  the  individual  compo¬ 
nents  are  in  most  of  the  caBes  not  known  with  sufficient  accuracy  (Fig.  57  -  NWC). 
Energy  involves  mass  and  velocity  In  terms  of  the  known  relationship,  which  for  many 
components  may  be  not  absolutely  correct,  but  which,  on  the  other  hand,  should  not  be 
too  far  from  reality.  This  criterion  is  correct  at  least  In  the  case  when,  so-to-  say, 
gauge  firings  have  been  made  within  the  ranges  of  the  applicable  and  given  fragment, 
masses  and  velocities.  The  more  the  fragment  velocities  and  masses  depart  from  the 
gauge  firings,  the  greater  will  be  the  deviation  from  reality. 

Several  other  examples  of  trial  firings  against  aircraft  components  are  presented,  in 
which  synergistic  effects  have  occurred,  owing  mainly  to  very  high  fragment  velocities 
and  high  rate  of  impact. 


SUMMARY 


Direct  hits  are  certainly  the  moat  effective  ones.  When  an  SAP  warhead  of  a  missile 
detonates  inside  a  target,  a  very  high  kill  probability  can  be  expected  owing  to  the 
relatively  high  warhead  mass  and  charge  weight  as  compared  to  those  of  a  me¬ 
dium-caliber  projectile.  When  the  miss  i  le  is  not  too  email,  it9  weight  alone  will 
suffice  for  a  considerable  damage  to  be  done  in  an  air  target  in  the  case  of  a  direct 
hit . 

When  a  missile  is  likely  not  to  hit  the  target,  it  will  have  to  carry  a  warhead  that 
transfers  energy  from  the  missile's  trajectory  into  the  target.  Ry  a  suitable 
proximity  fuze,  the  warhead  must  be  initiated  at  the  ’’right"  mo  merit,  as  the  missile 
passes  by  the  target,  and  the  energy  stored  in  the  high  explosive  charge  will  then  be 
re  leased • 

The  blast  wave  acta  to  all  sides,  but  it  ha3  a  comparatively  short  range  as  compared 
to  a  fragment  warhead.  Fragments  are  much  more  efficient  in  transporting  energy  from 
the  missile,  or  warhead,  to  the  target,  but  they  can  do  this  only  along  their  discrete 
trajectories.  The  possible  range  depends  in  this  case  or.  the  weight  of  the  warhead 
and,  hence,  on  the  number  and  velocity  of  the  fragments  as  well  as  on  the  size  and 
hardness  of  the  target,  on  the  engagement  situation,  and  on  the  type  of  fragments  and 
on  the  density  of  the  hits. 

As  to  aimable  warheads,  a  moderate  gain  in  the  range  of  20  to  40  %  can  be  obtained, 
with  a  relatively  small  development  and  production  effort,  through  steerable  warheads, 
and  a  gain  by  a  factor  of  2  to  4  can  be  obtained  by  detonatively  deformable  warheads, 
though  only  with  greater  effort  in  development  (Fig.  58  -  7496). 

The  advantages  and  disadvantages  of  the  various  types  of  warheads,  and  a  relative  cost 
comparison  with  a  natural-fragment  warhead  are  shown  in  Fig.  59  -  9469. 

Today,  conventional  fragment  warheads  have  more  or  leas  reached  a  technological  limit 
that  permits  only  insignificant  improvements,  or  rather  adaptations  to  missile  systems 
and  optimizations  for  modern  air  targets,  to  be  made.  Aimable  warheads,  however, 
constitute  a  considerable  potential  which  does  not  yet  seem  to  approach  a  techno¬ 
logical  limit  of  development  (Fig.  60  -  7869  a).  Therefore,  considerable  effort  should 
be  directed  towards  developing  and  productionizing  this  type  of  warhead.  This  could 
bring  about  a  real  technological  progress  in  air  target  defence. 
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Surface-to-Air  Missiles 


Designation 

Launch  Mass  kg 

Speed 

Kinetic  E 
ka  TNT 

Rapier 

A3 

wsm 

1.8 

Crofale 

80 

B  1 

4.5 

Indigo 

121 

8.1 

Roland 

63 

Ma  1,6 

1.7 

Chaparral 

84 

Ma  2,5 

5,6 

3A  2  (Guideline) 

2300 

Ma  3,5 

302,0 

SA  3  (Goa) 

9S0 

Ma  3,5 

125,0 

SA  4  (Ganef) 

2500 

Ma  2.5 

168.0 

SA  6  (Gainful) 

550 

Ma  2,8 

46,0 

SA  7  (Grail) 

9.2 

Ma  1,5 

0.2 

SA  8  (Gecko) 

190 

Ma  2,0 

8.1 

SA  9  (Gaskin) 

30 

Ma  2,0 

1.3 

SA  10 

1500 

Ma  6.0 

580,0 

Kip.  7 


High  Explosives 


Reaction  Rate 


Detonation 

=  8  x  103  m/s 

Energy  (only) 

=  5  x  106  J/kg 

Power  (10  ps) 

=  5  x  1011  W/kg 

Gaseous  Products 

=  103  Itr/kg 

Temperature 

=  103  °K 

rig.  9 

Military 

High  Explosives 


Commercial 
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WH-Costs 


Warhead  /  Missile  Costs 
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Fig.  58 


Air  Target-  Warheads-advantages,  disadvantages, 
cost  camparison  and  examples  of  use 
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14.  Abstract 

The  Lecture  Series  considers  the  introduction  of  new  technologies  and  techniques  in  the 
analysis,  synthesis  and  simulation  of  SAM  systems  seen  from  the  point  of  view  of  Guidance 
and  Control. 

It  covers:- 

-  methodology  for  conception  of  advanced  systems 

-  new  concepts  for  missile  control,  and  in  particular  for  terminal  control 

-  present  capability  and  future  technology  for  seeker  systems  simulation 

-  warhead  technologies 

-  homing  head  imperfections  altering  missile  guidance 

-  terrain  bounce  countermeasures  against  monopulse  seeker  system. 


The  material  in  this  publication  was  assembled  to  support  a  Lecture  Series  under  the  sponsor¬ 
ship  of  the  Guidance  and  Control  Panel  and  the  Consultant  and  Exchange  Programme  of 
AGARD. 
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